Minute by minute heart rate monitoring to estimate energy expenditure during cycling and running by Carlstrom, Justin A.
University of Montana 
ScholarWorks at University of Montana 
Graduate Student Theses, Dissertations, & 
Professional Papers Graduate School 
2000 
Minute by minute heart rate monitoring to estimate energy 
expenditure during cycling and running 
Justin A. Carlstrom 
The University of Montana 
Follow this and additional works at: https://scholarworks.umt.edu/etd 
Let us know how access to this document benefits you. 
Recommended Citation 
Carlstrom, Justin A., "Minute by minute heart rate monitoring to estimate energy expenditure during 
cycling and running" (2000). Graduate Student Theses, Dissertations, & Professional Papers. 6302. 
https://scholarworks.umt.edu/etd/6302 
This Thesis is brought to you for free and open access by the Graduate School at ScholarWorks at University of 
Montana. It has been accepted for inclusion in Graduate Student Theses, Dissertations, & Professional Papers by an 
authorized administrator of ScholarWorks at University of Montana. For more information, please contact 
scholarworks@mso.umt.edu. 
Maureen and Mike 
MANSFIELD LIBRARY
The University of
Montana
Permission is granted by the author to reproduce this material in its entirety, 
provided that this material is used for scholarly purposes and is properly cited in 
published works and reports.
**Please check "Yes" or "No" and provide signature**
Yes, I grant permission
No, I do not grant permission
Author's Signature:
Date:
Any copying for commercial purposes or financial gain may be undertaken only with 
the author's explicit consent.
8/98
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Minute by minute heart rate monitoring to estimate 
energy expenditure during cycling and running
by
Justin A. Carlstrom 
B A. Indiana University Purdue University -  Indianapolis 
Indianapolis, IN 1997 
Presented in partial fiilfillment o f the requirements for the degree of:
Master o f Science 
The University o f Montana 
Missoula, MT 2000
pproved By:
Chairperson
Dean, Graduate School
Date
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
UMI Number: EP37103
All rights reserved
INFORMATION TO ALL USERS 
The quality of this reproduction is dependent upon the quality of the copy submitted.
In the unlikely event that the author did not send a complete manuscript 
and there are missing pages, these will be noted. Also, if material had to be removed,
a note will indicate the deletion.
UMI
Oissartation Publishing
UMI EP37103
Published by ProQuest LLC (2013). Copyright in the Dissertation held by the Author.
Microform Edition ©  ProQuest LLC.
All rights reserved. This work is protected against 
unauthorized copying under Title 17, United States Code
ProQ^sf
ProQuest LLC.
789 East Eisenhower Parkway 
P.O. Box 1346 
Ann Arbor, Ml 48106 -1346
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
u
Carlstrom, Justin A. M.S., December 2000 Health and Human Performance
Minute by minute heart rate monitoring to estimate energy expenditure during 
cycling and running.
Director: Brent C. Ruby, Ph.D.
The main purpose o f this study was to examine the accuracy o f  the HRM in 
estimating EE and substrate utilization using the subjects’ primary mode o f 
training (cycling), and an alternate mode (running). A secondary aim was to 
stress the accuracy o f  the linear regression equations by incorporating two 
different exercise intensities during the experimental phase o f testing. Eleven 
trained male subjects (peak VO2 run=6I.17±13.30, cycle=61.82±11.91) 
completed protocols on non-consecutive days using the cycle ergometer and 
treadmill for the development o f linear regression equations. Expired gases were 
analyzed during all testing using a Parvo Medics metabolic system. HR was 
recorded each minute using a chest strap monitor. Subjects later performed a 
total o f 40 minutes o f exercise (20-min cycling, 20-min running). For each 
mode, a lower intensity was used for minutes 1-10, and a higher intensity was 
used for minutes 11-20. This yielded three sets o f linear regression equations, 
based on HR. VO2 and HR:VC02, for each individual and for each mode. The 
equations were based on the first ten minutes (LI), the last ten minutes (HI), and 
the entire twenty minutes (OA) o f exercise. HR values during each exercise bout 
were integrated into the regression equations to estimate energy expenditure 
(kcals/min) and substrate utilization (g/min fat, and g/min CHO). Actual values 
were obtained by indirect calorimetry. Apriori planned comparisons were 
performed to examine differences between estimated and actual values. Based on 
the overall equation, estimated values o f  VO2 (L/min) were significantly 
different (p<0.05) for the run (est.=2.78±0.36; act.=3.02±0.33), not for the cycle 
(est.=2.40±0.16; act.=2.47±0.22). Estimated values o f EE (kcal/min) were 
significantly different (p<0.05) for the run (est.=13.46±l .69; act.=14.±1.59), not 
the cycle (est.=l 1.62+0.75; act.=l 1.95+1.09). Estimated values o f  carbohydrate 
utilization (g/min CHO) were only significantly different (p<0.05) for the run 
(est.=l.73+0.44; act.=2.09+0.43), not the cycle (est.=1.34+0.40; act.=1.52+0.48). 
Estimated values o f fat utilization (g/min fat) were not significantly different for 
the run (est. =0.61+0.20; act. =0.60+0.15) or cycle (est.=0.52+0.14;
act.=0.48+0.10). These data suggest that individual regression equations offer 
promising potential for predicting energy expenditure and substrate utilization 
from HR data, particularly when utilizing a mode o f exercise that an individual is 
accustomed to performing.
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C hapter One: Introduction
The ability to assess energy expenditure (EE) in free-living individuals is 
important for athletes, dieticians, exercise physiologists and other individuals concerned 
with manipulating a training program based on caloric expenditure and dietary intake. 
Researchers have investigated the EE of free-living individuals using doubly labeled 
water (DLW) (Sjodin et al., 1994; Jones et al., 1993; Schoeller et al. 1990), the energy 
balance technique/factorial method (Leonard et al., 1997; Spurr et al., 1996), activity 
monitors (Haymes et al., 1993; Pambiano et a l , 1990), and changes in heart rate (Racette 
et al., 1995; Lovelady et al., 1993; Livingstone et al., 1990). While these methods have 
each been validated in estimating energy expenditure over an extended period o f time 
(i.e. several days), they do not provide accurate assessments o f EE during a single bout of 
exercise, and each method has technical and/or feasibility limitations.
Increasing numbers o f individuals are engaged in exercise programs for the 
purpose o f losing weight and/or improving overall fitness. Furthermore, training 
programs for the elite athlete are becoming more sophisticated and tailored to the 
athlete’s specific needs as performance standards increase. Both athletes and individuals 
who are engaged in weight gain/loss programs need a reliable, practical method to 
determine caloric expenditure to ensure that necessary dietary changes can be made to 
optimize training. Frentsos and Baer examined 7-day dietary intake records of six elite 
tri-athletes and found mean daily energy and carbohydrate intakes to be below what is 
required to support that type of training. After an intervention, the tri-athletes’ 
performance in a short course improved compared to a similar course completed prior to 
the intervention (1997). These results demonstrate that insufficient caloric intake.
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particularly in the form o f carbohydrate, can negatively affect performance. To optimize 
performance and gain the most benefit from training, caloric intake should be balanced 
with energy expenditure. There is a need for a valid, reliable, inexpensive field measure 
o f EE, which can be applied to a single exercise session, and which does not hinder the 
normal activity o f the subject.
The oxygen consumption (VO2) and heart rate (HR) relationship, established 
individually, has been commonly utilized to predict energy expenditure and to judge 
fitness (Bernard et al., 1996). Dauncey and James (1979) and Montoye (1996) describe 
the relationship between HR/VO2 as nonlinear. However, oxygen consumption increases 
in a relatively linear pattern with intensity during sub-maximal exercise. The initial 
compensatory mechanism to deliver oxygen to working muscles is an increase in stroke 
volume. As intensity increases above around 25-50% VO2 max, HR takes over as the 
primary mechanism to increase cardiac output. The HR method utilizes HR s recorded 
during exercise. These values are used to estimate energy expenditure via a HR/VO2 
relationship. Individuals can exercise in a laboratory setting while HR and VO2 values 
are simultaneously recorded. Then, through regression analysis, an equation is developed 
which predicts VO2 from HR’s recorded in a field situation. This relationship may be 
altered when using different muscle mass (mode of exercise) (McArdle, et al. 1971; 
Vokac et al. 1975).
An increase in VO2 is also related to changes in metabolic rate or EE. Thus if HR 
and VO2 are measured longitudinally, they can be used in conjunction with the VCO2 that 
is exhaled to determine caloric expenditure and substrate utilization. However,
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measuring VO2 and VCO2 in the field cannot be done without hindering a subject’s 
normal movement.
Portable HR monitors are relatively inexpensive, able to store minute-by-minute 
heart rates for several hours and do not interfere with the subjects’ normal activity. 
Gretebeck, et al., demonstrated that heart rate monitors can successAilly record heart rates 
for up to 16 hours (1991). In addition, Ceesay et al. validated portable HR monitors under 
various conditions by imposing four different exercise movements, as well as various 
activities o f daily living (ADL) (1989). In a field situation this means that minute-by- 
minute HR values can be recorded easily and accurately for several hours. For the 
present study a HR monitor with the capacity to store HR values every 60 seconds for up 
to 66 hours was used. Heart rate values were recorded every minute during specific 
calibration and experimental activities. These values were then evaluated with HR/VO2 
and HR/VCO2 linear regression equations established from calibration data, for the 
specific activity (cycling and running). Energy expenditure (kcals/min) and substrate 
utilization were then estimated from these equations.
Problem
The primary purpose of this study was to examine the ability o f HRM to estimate 
EE and substrate utilization using the subjects’ primary mode o f training (cycling), and 
an alternate, non-primary mode (running). A secondary purpose was to test the accuracy 
o f the prediction equations by applying two different exercise intensities during the
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
experimental phase of testing. Results of this study may help determine if  varying mode 
and intensity o f activity have an effect on the accuracy o f this method.
Through examination o f dietary intake records and nude body weight, it can be 
determined whether a person is in positive or negative energy balance over a sustained 
period of time. Energy balance is described by the following equation:
Energy in -  Energy out = A Body Energy 
If the goal o f a fitness program is weight loss, then a negative energy balance (- 
EB) is desired. On the other hand, if weight gain is the objective, a positive energy 
balance (+EB) is necessary. Development o f the HRM technique would allow 
individuals and health professionals to estimate energy cost and substrate utilization for 
individuals engaged in specific activities over shorter periods o f time. This would allow 
the trainer/trainee to manipulate nutritional intake depending on energy expenditure.
Hypothesis One:
There will be no significant differences between estimated and actual oxygen 
consumption, VO2 (L/min), based on the low-intensity (LI), high-intensity (HI) or overall 
(OA) activity-specific linear regression equations.
Hypothesis Two:
There will be no significant differences between estimated and actual values of carbon 
dioxide production, VCO2  (L/min), based on the low-intensity (LI), high-intensity (HI) or 
overall (OA) activity-specific linear regression equations.
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Hypothesis Three:
There will be no significant differences between estimated and actual energy expenditure, 
kcal/min, based on the low-intensity (LI), high-intensity (HI) or overall (OA) activity- 
specific linear regression equations.
Hypothesis Four:
There will be no significant differences between estimated and actual values o f substrate 
utilization, g/min CHO and g/min fat, based on the low-intensity (LI), high-intensity (HI) 
or overall (OA) activity-specific linear regression equations.
Justification
Literature spanning the past 40 years suggests that minute by minute HR values 
can be used in conjunction with individual, activity-specific prediction equations to yield 
the most accurate estimation o f EE (Booyens, et al., 1960; Spurr, et al., 1988). Using lab- 
simulated activities o f cycling and running, prediction equations are created to establish 
the HR/VO2 and HR/ VCO2 relationships. These are similar to the relationships depicted 
in the experimental (actual) HR/VO2 and HR/ VCO2 data. Because group-average 
generated equations have been shown to contribute to error, only individual equations 
will be examined in this study (Kalkwarf et al., 1989).
Significance of the Study
Several studies have been done which validate the use o f heart rate monitoring 
(HRM) as an effective and accurate tool to estimate EE in groups (McCrory et al., 1998; 
Livingstone et al., 1990; Kalkwarf et al., 1989; Spurr et al., 1988). In this study.
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individual activity-specific regression equations will be used to examine the accuracy o f 
HRM method to predict EE and substrate utilization in individuals exercising for a period 
of time (40 min), utilizing two different modes o f exercise (cycle and run) at varying 
intensity levels. Information gathered will help determine whether or not the accuracy of 
HRM in estimating EE is adversely affected by varying mode and intensity o f exercise.
Rationale for the Study
This study will contribute to past research which has already validated the use of 
HRM against other methods o f estimating EE such as whole-body indirect calorimetry 
and doubly labeled water (Spurr et al., 1988; Livingstone et a l ,  1990; Ceesay et al., 
1989). This study will investigate the accuracy of the minute-by-minute HRM technique 
in estimating EE and substrate utilization during a single bout o f exercise. An accurate 
estimate o f energy expenditure for both modes o f exercise will help elite athletes, as well 
as persons involved in cross-training programs, tailor exercise and nutritional programs 
so as to optimize their training.
Limitations:
i. Physical capacity of the subjects: The subjects will have varying physical 
capacities and fitness levels, but will be recreationally trained (VO2 peak > 45 ml* 
kg '# m in ').
ii. Non-randomized sample: Subjects will not be randomly selected. Subjects will be 
acquired on a volunteer basis, from a local tri-athlete club.
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iii. Instrumentation: There is inherent error in all instrumentation. This error will be 
minimized by using the same trained testers to calibrate all equipment and 
administer testing. The measurement error is less than expected meaningful 
differences,
iv. Maturation o f subjects: The sample will be selected from a population of tri­
athletes. As a result, fitness levels of the subjects may differ during the time 
frame o f the study. To minimize this effect, field trials will be performed within 
one month of the lab trials.
Delimitations:
i. Type o f subjects: Restrictions will be made on gender and fitness levels (VO2  
peak > 50 ml# kg'*# min'*). Although the term “tri-athletes” will be used, subjects 
do not need to be proficient at swimming, as this mode o f exercise will not be 
used in the study.
ii. Specific intensity level: Specific intensities will be used for the lab-simulated 
cycle and run trial so subjects achieve and maintain steady state during the trial. 
The steady state values will be used to generate the activity-specific linear 
regression equations.
iii. Specific exercise modes: Cycling and running will be used in the calibration and 
experimental sessions, using a cycle ergometer and treadmill.
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Definition of Term s:
Actual Energy Expenditure (AEE) -  kcal/minute estimated from indirect calorimetry, 
using VO2 and VCO2 , during phase 3.
Estim ated Energy Expenditure (EEE) -  kcal/minute derived from the HR method. 
C alibration Procedures -  Establishing the HR/VO2 relationship for a specific activity in 
calibration sessions. A linear regression equation is developed by measuring HR and 
VO2 during the calibration activity using a four-stage steady state exercise test with mode 
similar to the activity being measured in the experimental session. Heart rates from the 
experimental session are then integrated into the equation to estimate EE.
Energy Expenditure (EE) -  Total use of energy, in kcals, as a result of resting 
metabolic rate, thermogenic effect of food consumption, and caloric expenditure during 
physical activity.
Flex H R  -  The average o f the highest resting HR and the lowest active HR.
M ean Dally H R  -  A HR value averaged over 24 hr. That HR value is then integrated 
into a regression equation to estimate daily energy expenditure.
Respiratory Exchange Ratio (RER) -  The ratio o f VCO2  expired to VO2 consumed 
(VCO2/VO2 ). Theoretically, an RER value o f  0.71 indicates 100% fat oxidation and an 
RER o f 1.00 indicates 100% carbohydrate oxidation. Reference tables have been 
established which show the relationship o f RER to Fat/CHO metabolized (Lusk, 1928). 
For a given RER measure there is corresponding kcal/L02.
V C 02  -  Amount o f carbon dioxide produced/min; generally expressed as L/min.
VO 2 -  Amount o f oxygen consumed/min; generally expressed as L/min.
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VOî Peak -  The maximal amount o f oxygen consumed/min; generally expressed as 
L/min.
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Chapter 2: Review of Literature
Heart Rate Recording in Field Studies
Over the years, studies that utilize HR to estimate energy expenditure have 
become more popular, particularly in epidemiological studies. One reason for this may 
be due to the fact that HR monitors can easily and accurately record HR values over a 
period o f time. Gretebeck et al. (1991) used portable HR monitors to record heart rates 
on 30 male subjects for 13 hours/day, over seven consecutive days. Subjects wear a chest 
strap, and HR’s are transmitted and recorded in a wrist watch computer. Thus, HR values 
can be recorded without hindering the subject’s freedom o f movement. Results showed 
that the HR monitors successfully record heart rates and miss few beats. For the present 
study, a chest strap HR monitor with the capacity to store HR’s every 60 seconds for up 
to 66 hours will be used (Polar, Port Washington, NY).
Estimating Energy Expenditure from Heart Rate
The notion that HR can effectively measure EE was explored as early as 1907. 
Researchers reported that changes in pulse rate correlated with changes in heat 
production in an individual (Booyens et al., 1960). One o f major problems with EE 
studies has been related to difficulties involved in making a continuous measurement. 
Besides being a continuous function, an individual’s total daily energy expenditure 
(TDEE) can vary depending on nature o f activity, environmental conditions, previous 
exercise performed and food consumption. Although the design o f the present study will 
focus only on EE during a specific activity, some issues regarding the accuracy, validity 
and reliability o f the HRM to establish TDEE need to be considered. Some o f  the issues
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
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raised by past research include: HRM may be valid when estimating EE with groups 
(Livingstone et al., 1990; Spurr et al., 1988; Lovelady et al., 1993); estimates from group 
averaged prediction equations are not as accurate as individual prediction equations 
(Bernard et al., 1996; Kalkwarf et al., 1989; Li et al., 1993); prediction equations are 
most accurate when they are calibrated for a specific activity (Spurr et al., 1988; McArdle 
et al., 1971; Vokac et al., 1975).
HRM validity in estimating EE with groups
The HRA^Oi linear relationship demonstrates a different slope during resting/low 
intensity exercise when compared to moderate/high intensity exercise (Booyens et al., 
1960 and McCrory et al., 1997). At lower intensities, the stroke volume is the primary 
mechanism that produces an increase in cardiac output. This only occurs up to about 25- 
50% of VO2 max. As intensity increases, HR takes over as the most important factor 
increasing cardiac output. To solve this problem, the concept o f ‘flex HR’ was developed 
and used with two different linear regression equations. The ‘flex HR’ is the average 
between the highest resting HR and the lowest HR during activity. This value serves as 
the break point between the two different equations. If a HR value falls below the flex 
HR, the value is integrated into the low intensity equation. If  the HR is above the break 
point, the high intensity equation is applied. Livingstone et al. measured TEE in 14 
subjects over 15 days by the DLW method and over 2-4 days using the HRM (1990). 
The flex HR was used to discriminate between rest and activity. Although this method 
resulted in significant error when estimating TEE in individuals, it did provide a close 
estimation o f  EE in a group (HRM = 12.99 ± 3.83; DLW = 12.89 ± 3.80 Mj/d). In
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addition, Lovelady et al. (1993) compared the DLW technique with HR monitoring over 
an 8-day period and found that there was not a significant difference between group 
TDEE values from the two methods (DLW = 12.36 ± 1.03; HRM = 11.74 ± 1.3 Mj/d). 
However, differences in individual TDEE ranged from -21.1 to 17.6%.
In 1988, Spurr et al. successfully estimated TDEE and energy expended in 
activity (EAC) o f a group by applying the flex HR and minute-by-minute HRM. These 
values were compared to actual values obtained by indirect whole-body calorimetry. A 
total o f 22 subjects were tested, each spending a total o f 22 h in the calorimeter. While 
inside, individuals engaged in no exercise or one of four different protocols on a cycle 
ergometer. Results demonstrated no significant differences in estimated or actual EE for 
any o f the testing protocols. Spurr stated that exercises used to develop prediction 
equations were similar to those performed in the protocol, contributing to the accuracy in 
the estimated EE. Thus, these studies support the idea that the flex HR can successfully 
estimate the TDEE for a group, but significant error occurs when estimating individual 
TDEE.
Another issue examined by McCrory et al. (1997) was the between-day and 
within-day variability o f estimating EE from HRM. Twelve subjects were tested to 
determine the between-day and within-day variability in the relationship between HR and 
VO]. The subjects underwent HR-VO] calibration sessions on two different mornings 
and afternoons. On another day, subjects wore a HR monitor for 15.1 ± 1.5 hours. 
Regression analysis was used to determine the relationship between HR and VO] in both
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sedentary and active HR ranges. Results showed that, within an individual, HR was more 
variable than VO2 on a day-to-day basis. Thus, intra-individual variability in EE was 
associated with intra-individual variability in the flex HR and sedentary HR range. Intra- 
individual variability in EE was positively correlated with intra-individual variability of 
the flex HR (r=0.59, p=0.0005 -  0.05). This method may not be successful at estimating 
EE in relatively sedentary groups, due primarily to the low correlation between HR and 
VO2 at lower activity levels.
Some researchers have utilized another approach to estimating EE from HRM. A 
mean HR value (average o f 24 h) is calculated and integrated into a prediction equation 
to estimate average daily VO2 . A mean HR value is used because it represents the 
average o f the activities the individual engaged in throughout the course o f the day. This, 
then, can represent the average EE o f the day. Christensen et al. (1983) tested 17 subjects 
in an effort to examine the accuracy o f estimating EE from the mean HR and individual 
prediction equations. The HR/VO2 relationship had a high correlation coefficient (r = 
0.802 to 0.996). However, the slopes and intercepts o f the regression equations between 
days resulted in large differences in estimates of EE. The researchers concluded that low 
levels o f  activity result in large variations o f HR, independent o f VO2 . This agrees with 
McCrory’s (1997) finding that this method may not be suitable for determining EE in 
relatively sedentary groups.
In a similar study done twenty years earlier, Dauncey and James measured the 
heat production (HP) o f 8 subjects using a whole-body calorimeter (1979). Each
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
14
individual spent 27 h in the calorimeter and performed typical activities o f daily living. 
The mean HR was calculated and integrated into a linear prediction equation to estimate 
EE. This value was compared to the actual value obtained from the calorimeter, resulting 
in differences o f -66  ± 38.6%. Due to such large error, this method was determined to be 
insufficient in estimating 24 h EE in individuals.
Group-averaged prediction equations vs. Individual prediction equations
Kalkwarf et al. (1989) examined the accuracy o f estimating EE from group- 
averaged data compared to estimates from individual calibration curves. HRM and 
activity diaries were used along with individually measured and published energy costs of 
activities. Estimated EE from group data tended to overestimate the EE, resulting in 
twice the error as estimates from individual calibration curves. Differences between 
reference and estimated values when individual equations were used were 112±376 
kcals/day, and 223±504 kcals/day with the use o f group equations. This study supports 
the use o f individual prediction equations to estimate group EE.
A study performed by Li et al. (1993) supports the results found by Kalkwarf. 
They investigated inter- and intra-individual variability in minute-by-minute HRM in 40 
female workers. Both group and individual prediction equations were used. Differences 
between estimated and actual EE for group and individual equations were -22111336 and 
-501785 kJ/16 h, respectively. These results demonstrated that individual calibration 
procedures provide more accurate estimates than group-averaged prediction equations.
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Activity-specific prediction equations
Different modes o f activity require an individual to incorporate different muscle 
groups. Changes in activated muscle mass and posture can affect the HR/VO2 
relationship. Vokac et al. (1975) tested seven males at maximal and sub-maximal 
workloads using both arm and cycle ergometry. Their results showed that at an energy 
output requiring oxygen uptake greater than 1 L/min, the HR associated with arm 
ergometry is higher than the corresponding HR from cycling. The accuracy of HRM to 
estimate EE is therefore partially dependent on utilizing a calibration exercise that is 
similar to the activity being measured (Spurr et al. 1988).
In an unpublished study done at The University o f Montana’s Human 
Performance Laboratory, HRM was used to estimate upper (UBEE) and lower body 
(LBEE) energy expenditure for field tasks associated with wildland firefighting. 
Individual, activity-specific upper and lower body prediction equations were derived 
from dig and hike protocols developed in the lab. These equations were then used to 
estimate the EE o f similar field activities. The measurements o f LBEE resulted in no 
significant difference between estimated and actual total kcals (Est. = 163.1 ±31.9, Act. = 
166.2±31.5, p<0.008). However, UBEE did not provide an accurate estimate o f total 
kcals (Est. = 166.5±25.9, Act. = 170.0+30.8). It was concluded that the error in 
estimating UBEE was mainly due to the fact that the prediction equations were developed 
fi-om a less-specific lab activity (Tysk et al., 1998).
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Chapter 3: Methodology
Eleven trained male subjects participated in this study. Each participant read and signed 
an Institutional Review Board-approved informed consent form and completed a health 
history questionnaire. All subjects were recreationally trained (V02max > 45 ml kg’’ min' 
’) and apparently healthy.
EXPERIMENTAL PROCEDURES
Descriptive data. Descriptive measurements (age, height, weight, peak VO2 ) and 
skin-fold measurements (Harpenden Calipers) were taken during the first laboratory 
session. Body composition was calculated using the age-specific formulas o f Lohman 
(1992). Descriptive data are shown in Table 1.
HR: VO2 Calibration sessions. Randomly ordered multi-stage max tests were 
performed separately on a cycle ergometer and treadmill for the development o f HR:V0 2  
and HR:VC02 linear regression equations on different days. All subjects were normally 
hydrated and fasted for 4 hours prior to all testing. All subjects also refrained from 
exercise for the 12 hours prior to testing. The cycle ergometer test included a warm-up of 
10 minutes at 78.4 watts, with three subsequent three-minute stages o f 156.9, 196.1, and 
235.3 watts. Following these three initial stages, the workload was increased (~40 watts) 
every three minutes until the twelfth minute. Thereafter, the workload increased every 
minute by 21.30±0.82 watts until volitional exhaustion. The treadmill test included a 10- 
minute warm-up at a 1% grade and a speed o f 134.1 m/sec (5 mile/hr). The workload was 
then adjusted every three minutes by increasing the speed by 26.8 m/sec (1 mile/hr). At
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the end o f the twelfth minute, the speed remained constant and the grade was increased 
3% each minute until volitional exhaustion.
Minute heart rate values were recorded during all testing using a telemetry heart 
rate monitor (Polar, Port Washington, NY) interfaced with the metabolic system. 
Expired gas samples were analyzed and recorded as 15-second averages during all 
laboratory testing using a metabolic system (modified Parvo Medics system with 
Beckman OM -11 O2 and LB-II CO2 analyzers, Sandy, UT). The metabolic system was 
calibrated for flow and gas concentration both before and after each test and linear drift 
corrections were applied to all data. Simple linear regressions between HRiVOi and 
HR:VC02 were calculated using data from specific stages during minutes 1-12 of each 
laboratory test.
Experimental sessions. Within two weeks of completing the calibration sessions, 
subjects performed, in random order, a 20-minute ride on an electronically braked 
ergometer (Schwinn Velodyne) and a 20-minute run on a treadmill. A 5-minute 
transition period was implemented while changing modes to allow subjects to change 
shoes. To test the accuracy o f the linear regression equations over a range o f exercise 
intensities, the cycle and run phases were each performed at a lower intensity for minutes 
1-10, corresponding to the HR ranges from stages 1-2 of the calibration test, and a higher 
intensity for minutes 11-20, corresponding to the HR range from stages 3-4 o f the 
calibration test. The same procedure (1% grade and variable speed) was applied to the 
running phase.
Development o f  linear regression equations. Three sets o f HR:V02 and 
HR:VC02 simple linear regression equations were developed for each mode. The low
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intensity equation (LI) used data from minutes 2-5 o f the first two exercise stages. The 
high intensity equation (HI) used data from minutes 7-11 of the second two exercise test 
stages. An overall equation (OA) utilized the data from minutes 2-11 o f the four stages 
from the initial exercise test. This allowed for the comparison o f intensity-specific 
equations (LI and HI) to an overall equation that could be applied to cover a wider range 
o f HR values.
Using the mode and individual-specific regression equations (OA, LI, HI) for 
HR:V02 and HRiVCOa, it was possible to estimate minute-by-minute VO2 and VCO2 , 
and to calculate an estimated EE (kcals/min). Substrate utilization (g min ' and pmol kg' 
’ min*' for CHO and fat) was also calculated from VO2 and VCO2 values according to the 
methods o f Frayn (1983).
DATA ANALYSIS
Data are presented as means ± standard deviations. A two-way repeated measures 
ANOVA was used to compare all EE and substrate estimates derived by the three 
different sets o f equations (OA, LI, HI) and actual values obtained from indirect 
calorimetry. A one-way ANOVA was performed to compare estimated and actual total 
kcals. Specific apriori contrasts were conducted to determine differences between 
estimated and actual values during cycle and run exercises at an alpha level of p<0.05. In 
addition, two-tailed, paired t-tests were applied to the mean HR data to compare HR’s 
obtained during running vs. cycling o f corresponding phases o f the testing (OA, LI, HI). 
For example, HR’s from the LI phase o f  running were compared to HR’s from the LI 
phase o f  cycling.
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Chapter 4: Results
DESCRIPTIVE DATA
Descriptive data (age, height, weight, body composition, VO2 peak) are presented in 
Table 1 as means ± standard deviations. Although cycling was the subjects’ primary 
mode o f  training, there were no significant differences in the measured values o f peak 
VO2 between cycling and running.
RESPIRATORY GASES and HEART RATE
Table 2a-c presents respiratory gas and heart rate data from the three equations developed 
for DA, LI, HI. During the cycle exercise, there were no significant differences between 
estimated and actual values o f VO2 , VCO2 , and RER, regardless o f the application of the 
overall (OA), low (LI), or high (HI) prediction equation. However, during treadmill 
exercise, the OA equation resulted in significant under-estimations o f VO2  by 7.95%, and 
VCO2 by 8.99%. The LI treadmill equation under-estimated VO2 and VCO2 by 8.66% 
and 10.37%, respectively. The HI treadmill equation under-estimated VO2  and VCO2 by 
7.12% and 7.95%, respectively. There were no significant differences between estimated 
actual RER during the treadmill exercise.
HR data was analyzed by comparing mean values obtained during the 
corresponding periods (OA, LI, HI) of cycling vs. running. Mean HR’s during the 
running phase were significantly higher than mean HR’s obtained during cycling, 
regardless o f which period o f testing was examined.
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ENERGY EXPENDITURE
Table 3a-c presents estimated and actual rates o f energy expenditure obtained during the 
cycle and run phases o f exercise. The cycle exercise resulted in no significant differences 
between estimated actual energy expenditure (kcal/min and kcal/20 min) regardless of the 
equation utilized (LI, HI, OA). However, during the running exercise EE was 
significantly underestimated by approximately 8.19%, 9.05% and 7.31% with the 
applications o f the OA, LI and HI equations, respectively. In addition, there was a 
significant difference between estimated and actual values o f total energy expenditure for 
the entire exercise trial (40 minutes: cycling + running). Total energy expenditure across 
the entire 40 minutes o f exercise was consistently underestimated by approximately 
5.79%, primarily due to the underestimation during running.
SUBSTRATE UTILIZATION
Table 4a-c presents the values of calculated substrate utilization during the exercise trials. 
Regardless o f the intensity equation used (LI, HI, OA), the cycle phase produced no 
significant differences between estimated and actual CHO or fat oxidation (gmin’’ and 
pmolkg"’ min’*). In contrast, there was a significant difference between estimated and 
actual CHO oxidation (g min * and pmol kg * min'*) during the run exercise, with CHO 
oxidation consistently underestimated by approximately 13.2% (gmin'*) and 29.8% 
(pm olkg’*min*). There were no significant differences between estimated and actual fat 
oxidation during the run stage, regardless of the equation used for calculation.
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Chapter 5: Discussion
The present study investigated the application o f HR monitoring to estimate 
energy expenditure and substrate utilization during a single bout o f exercise that utilized 
two different modes. In addition, low-intensity and high-intensity exercise was 
incorporated into the experimental trials to assess the versatility o f  the prediction 
equations over a range o f exercise intensities. Previous research has demonstrated that 
the HRM can acciuately estimate EE during short-term exercise when calibration and 
experimental exercises are similar in both mode and intensity level (Tysk et al., 1998; 
Spurr et al., 1988). Using the same mode of exercise is critical because movements that 
incorporate different muscle groups will demonstrate varying HR:VOi relationships 
(Vokac et al., 1975).
Although these past studies have demonstrated that the HRM can accurately 
estimate EE during short-term exercise, the applicability and accuracy o f this method 
during successive bouts of activity has received little attention. In addition, the 
practicality o f applying this method to a training routine in the field is unclear due to 
variations in self-selected intensity and the corresponding heart rates. If the intensity 
during the field exercise is out o f the range o f the calibration exercise, significant error 
may result. Researchers have shown that even small variations in HR can lead to 
significant error with the HRM (Christensen et al., 1983; Booyens et al., 1960). In the 
present study, the OA equation was applied to incorporate the low- and high-intensity 
phases to examine the possibility o f applying this method to an exercise bout o f varying 
intensities. The approximate range of the prediction equations was 113.03±9.97 - 
134.02+8.90 bpm for cycling, and 132.12±9.39 - 150.22±9.33 bpm for running.
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ENERGY EXPENDITURE -  Cycling vs. Running
The present investigation demonstrated that estimated EE during cycling was accurately 
predicted but estimated EE was significantly lower than actual EE during the running 
component, regardless o f the equation applied to predict values of EE (OA, LI, HI). The 
difference during running appears to result from an underestimation o f the VO2 . The 
underestimation o f VO2 also contributes to the significant difference noted in CHO 
oxidation during the run stage o f the experimental trial, as this is a component o f the 
formula used to calculate substrate use (Frayn, 1983).
The subjects in this study participated in cycling more regularly than running. In 
addition, none o f these individuals were regularly running or training on a treadmill at the 
time o f data collection. The subjects may have performed at a better economy while on 
the cycle ergometer as opposed to the treadmill. A higher economy may be demonstrated 
by decreased oxygen consumption (V02/kg) at the same workload (Lajoie et al., 2000). 
Daniels et. al. (1985) stated that training will lead to a lower V02submax at a given 
workload (improved economy). A lower running economy may be the reason for the 
consistently underestimated EE values during running. Since the subjects were only 
instructed to keep their HR within a particular range, as determined by the initial exercise 
test, there was some freedom regarding the exact intensity that they wanted to maintain 
during the experimental phase. Each subject may have chosen to work at an intensity that 
was most economical for him. At a given intensity, then, the HR was lower during the 
experimental phase compared to the HR anticipated from the testing phase used to 
establish the prediction equations. However, for a given HR value, the actual VO2 is 
higher than the predicted  VO2 . The self-selected pace resulted in better economy during
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the experimental phase compared to the initial phase o f  testing, where subjects were 
forced to perform at a designated speed.
The subjects were also able to self-select the intensity, including RPM, during the 
cycling portion o f the experimental phase within the range designated by the testing 
phase. Since cycling was the primary mode of training for these individuals, the intensity 
used for the initial test may have been similar to 1) the intensity at which they performed 
during the testing phase, and 2) their training intensity.
ijOHv-rNnnEhüsrrYvs.PiKjfLJhrTE%4sriiri%q%JATT(}Nrs
In examining the differences between estimated and actual values o f VO2 , VCO2 and EE 
that were associated with the running phase, it is evident that the LI equations yielded 
higher sources o f error than did the HI equations (tables 2-3). The source o f this error 
may be due, in part, to variations in HR associated with exercise at lower intensities. The 
increased oxygen delivery during exercise at lower intensities is accomplished by 
increases in both heart rate and stroke volume. As intensity increases, HR takes over as 
the primary mechanism to maintain oxygen delivery to working muscles. As a result, the 
HR:V02 relationship is more linear at intensities above -50%  V02max- The variability in 
HR at lower intensities may have contributed to the higher % error with the application o f 
the LI equation. The OA equation resulted in a lower % error than the LI, and a higher % 
error than the HI equation as a result o f  the underestimation of VO2 during LI exercise. 
The fact that the OA equation was able to provide estimates that were within range o f 
estimates from the low- and high-intensity equations strengthens the validity of this 
method. If the calibration exercises incorporate varying intensities, then the HRM may
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be used to estimate an individual’s EE in a field situation, even if  the bout o f exercise is 
done at varying intensities. However, the amount o f  time spent at any given intensity 
may need to be relatively similar to the calibration exercise. Further research is needed in 
this area.
SUMMARY
In summary, the HRM may be a valid and reliable method to estimate EE and 
substrate utilization during successive bouts of exercise, even when utilizing different 
modes. To improve accuracy, individual, mode-specific prediction equations must be 
used, as well as similar ranges o f intensity between calibration and experimental exercise 
sessions. The relative time spent exercising at a given intensity should also be consistent 
between calibration and experimental sessions. In addition, an individual’s economy in a 
given activity will influence the accuracy by contributing to, or minimizing, variations in 
HR values. By controlling these variables, this method may provide a valid, reliable 
method o f determining EE during exercise in field situations.
PRACTICAL SIGNIFICANCE
The under-estimations of EE during the running phase equated to approximately 
60 kcal/hr. Although the error during the running phase was statistically significant, the 
difference may not be practically significant when estimating EE during extended 
exercise in the field. Depending on the situation, an over- or under-estimation in EE of 
-6 0  kcals may or may not be significant in terms o f energy intake. This would depend on 
the level o f the athlete and the goals o f the training regimen.
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Table 1. Subject descriptive data. Data are expressed as mean±SD.
Age 27.45+5.70
Height (cm) 178.4617.23
Body Weight (kg) 74.5318.27
FFM (kg) 67.86+8.04
FBM (kg) 4.6511.84
Body Fat (%) 8.1812.18
Cycle Peak VO2  (ml kg ' min ') 61.82111.91
(L m m ‘) 4.6110.10
Ruiming Peak VO2 (ml kg'* m in ’) 61.17113.30
(L m m ’) 4.5610.11
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Table 2. A. Estimated and actual values o f VO2 , VCO2 and RER derived from the 
overall equation (minutes 1-20). B. Estimated and actual values of VO2 , 
VCO2 and RER derived from the low intensity equation (minutes 1 - 1 0 ).
C. Estimated and actual values of VO2 , VCO2 and RER are based on the 
high-intensity equation (minutes 11-20). Data are expressed as mean±SD.
Cycle Run
Estim ated Actual Estim ated Actual
A
VO 2 (L min ’) 2.40±0.16 2.4710.22 2.7810.36* 3.02+0.03
VCO 2 (L m in*) 2.10±0.15 2.1610.24 2.4310.29* 2.6710.29
R ER 0.87±0.04 0.8710.03 0.8710.03 0.8810.03
M ean H R 123.47±8.68*p 141.0319.23
B
VO 2 (L min *) 2.06±0.17 2.1110.28 2.5310.35* 2.7710.34
VCO 2 (L min*) 2.10+0.15 2.1610.24 2.16+0.29* 2.4110.31
R ER 0.85±0.04 0.86+0.04 0.8610.04 0.8710.03
M ean H R 113.03±9.97*p 132.1219.39
C
VO 2 (L min ') 2.80+0.24 2.8910.24 3.1310.46* 3.3710.41
VCO 2 (L m in ') 2.4710.22 2.5610.26 2.7810.44* 3.0210.38
RER 0.88+0.04 0.8810.04 0.8910.05 0.8910.03
M ean H R 134.02+8.90*0 150.2219.33
* = significant, within mode, difference between actual and estimated, p<0.05. 
p = significant difference in HR between cycle and run modes, p<0.05.
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Table 3. A. Estimated and actual values of energy expenditure derived from the
overall equation (minutes 1-20). B. Estimated and actual values of energy 
expenditure derived from the low intensity equation (minutes 1-10). C. 
Estimated and actual values o f energy expenditure derived from the high 
intensity equation (minutes 11-20). D. Calculated TEE (kcal 40 min ')  for 
the combined cycle and run experimental stages. Data are expressed as 
mean±SD.
Cycle Run
Estim ated Actual Estim ated Actual
A
EE (kcalmin**) 11.6210.75 11.9511.09 13.4611.69* 14.6611.59
E E (kcar20m in*) 232.37115.04 238.95121.89 269.13133.83* 293.29131.87
B
EE (kcal min ') 9.9210.83 10.1911.43 12.1611.67* 13.3711.65
E E (kcalT O m m ') 99.1518.25 101.91114.25 121.56116.68* 133.73116.46
C
EE (kcal min ') 13.5811.14 14.0311.20 15.2112.26* 16.4112.02
EE (kcalTO min'*) 135.83111.36 140.28111.98 151.06122.56* 164.10120.19
D
TEE (kcaN O m in ') 
Cycle +  Run
Estim ated
501.50±42.12*
Actual
532.24141.37
* = significant, within mode, difference between actual and estimated, p<0.05.
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Table 4. A. Estimated and actual values o f substrate utilization derived from the 
overall equation (minutes 1-20). B. Estimated and actual values of 
substrate utilization derived from the low intensity equation (minutes I - 
10). C. Estimated and actual values o f substrate utilization derived from 
the high intensity equation (minutes 11-20). Data are expressed as 
mean±SD.
Cycle Run
Estim ated Actual Estim ated Actual
A
CHO oxidation 
(grain*)
1.82±0.40 1.91±0.46 2.1110.39* 2.4310.39
CHO oxidation 
(lim olkg rain'*)
137.85±33.91 144.54+40.42 158.70131.58* 225.91113.42
FAT oxidation 
(grain*)
0.51±0.17 0.52±0.12 0.5910.18 O.6 O1 0 .15
FAT oxidation 
(p rao lkgrain  *)
8.00+2.19 8.01±1.60 9.2012.54 9.2312.20
B
C H O  oxidation 
(g rain *)
1.34±0.40 1.5210.48 1.7310.44* 2.0910.43
CHO oxidation 
(praoll^m in**)
101.52±31.21 114.51135.66 129.75133.27* 206.35112.04
FAT oxidation 
( f m in ')
0.52±0.14 0.4810.10 0.6110.20 0.6010.15
FAT oxidation 
(p rao lkgrain  *)
8.14±1.88 7.5011.40 9.4212.63 9.2312.10
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CH O  oxidation 2.24±0.51 2.35+0.54 2.60+0.74* 2.89+0.54
(grain*)
C H O  oxidation 169.76±41.33 178.42±49.97 194.59+51.44* 251.65+14.63
(p^raolkgrain *)
FAT oxidation 0.56+0.20 0.56+0.16 0.59±0.25 0.60±0.16
(grain*)
FAT oxidation 8.61+2.49 8.68±2.10 9.07±3.59 9.30±2.27
(liraoi kg rain *)
* = significant, within mode, difference between actual and estimated, p<0.05.
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Appendix I: A ttachments
11 Point IRB Sum m ary
I. The purpose o f this study is to use the heart-rate method (HRM) to estimate 
energy expenditure (EE) during field exercises - cycling and running. The 
estimated values will be compared to actual EE values obtained in the lab.
Several recent studies have used heart rate to estimate total daily EE. Spurr et al. 
found a significant correlation between values o f total daily energy expenditure 
and energy expended in activity (1988). In addition, a study at The University of 
Montana used minute-by-minute heart-rate monitoring and individual activity- 
specific linear regression equations to estimate energy expenditure (Tysk et al., 
1998). The information gathered will contribute to the search for a standard 
methodology o f determining caloric expenditure based on individual data, specific 
to a certain mode o f activity. This study will also examine the accuracy o f die 
estimated EE values when testing time is extended to 40 minutes (20 minutes for 
each mode o f exercise). In addition, estimated values o f substrate utilization, 
namely carbohydrate and fat, will be compared to actual values. The hypotheses 
are as follows:
Hypothesis One
There will be no significant difference between estimated and actual energy expenditure 
values based on individual equations.
Hypothesis Two
There will be no significant difference between energy expenditure values based on the 
group equation and values from individual equations.
Hypothesis Three
There will be no significant difference between estimated and actual values o f substrate 
utilization (carbohydrate and fat)
The results o f this study may aid in the search of a more inexpensive, accurate method of 
calculating energy expenditure in field situations with a heart-rate monitor during 
submaximal exercise. Elite athletes, as well as the average person interested in being fit, 
could then make dietary and training modifications because he/she will know the exact 
number o f calories expended in their workout.
II. Subjects
Subjects selected for this study will be 12 male tri-athletes from the Missoula 
area. Each subject will be well-trained in running and cycling (V 02 peaks >50 
ml/kg/min).
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iv. Recruiting/Selectiog Subjects
All subjects will be acquired on a volunteer basis. Recruited subjects will 
undergo maximal treadmill and cycle ergometer tests to determine admittance and 
training/fitness levels prior to further participation in the study. Subject criteria 
will require that subjects achieve a VO2 peak > 45 m l*kg''»m in’.
Example of wording that will be used to recruit subjects:
The Human Performance Exercise Science Laboratory, located in McGill Hall, is 
recruiting male subjects for a Master’s thesis study looking at the effects of 
extended exercise time and mode o f activity on the prediction o f energy 
expenditure. If  you are interested in obtaining more information regarding the 
study and subject responsibility/criteria, please contact Justin Carlstrom @ 549- 
9892 or Dr. Brent Ruby @ 243-2117.
V. Location o f Study
All testing will take place in the Health and Human Performance Exercise Science
Laboratory at the University o f Montana.
vL Activities the subjects will perform
Subjects will be required to perform maximal tests on the treadmill and cycle 
ergometer. These tests will not be administered on the same day, and will 
determine admittance to the study. If  subjects are accepted, based on their 
fitness/training levels, they will be asked to come back to the laboratory ( » 1  week 
later) to complete the experimental phase of the study. The experimental phase 
will consist o f  performing a 2 0 -minute ride, followed by a 2 0 -minute run in the 
lab. During all testing, subjects will be wearing the portable metabolic system 
and heart rate monitor. Water will be provided for each subject to ingest after the 
test is complete.
vii. Benefits of Research
Insight provided by this study will not only benefit researchers in this field, but 
populations who train aerobically on a regular basis. Developing a standard 
methodology from which caloric expenditure can be calculated relative to 
individual and mode of exercise will aid those professionals who design exercise 
and nutritional programs for elite athletes and others engaged in regular exercise.
viii. Risks and Discomforts
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It is expected that some discomfort, such as muscular fatigue, will be experienced 
during any o f the exercise trial. Discomfort will be dept to a minimum by 
following appropriate guidelines (American College o f Sports Medicine: 
Guidelines for Exercise Testing and Prescription). Risks o f participation in all 
three trials are minimal and may include, but are not limited to the following: loss 
o f consciousness and stroke (0.05% o f the time), musculoskeletal injury, or 
muscle soreness. Injuries pertaining to musculoskeletal regions are minimal. 
Subjects will be instructed to exercise at their own pace throughout all field trials, 
therefore the intensities will be moderate. It is anticipated that subjects will 
experience muscle soreness following the max treadmill and cycle tests simply 
due to the nature o f the test. The following discomforts may be experienced 
during the treadmill and cycle ergometer max tests: fatigue, thirst and hunger. 
Experimental trials: fatigue, thirst, hunger, heat or cold stress depending on 
weather conditions. The principal investigators and other trained staff will 
conduct all testing. All results and records will be kept confidential and locked in 
the Human Performance Laboratory under the supervision of the principal 
investigators.
ix. Minimizing Deleterious Effects
The principal investigator and co-investigator will monitor the heart rate and rate 
o f perceived exertion (RPE) for each subject. All testing will adhere to ACSM 
guidelines. In addition, at least one tester certified in first-aid and CPR will be 
present during all testing.
IX. Protection o f Subjects’ Privacy
All results and record will be kept confidential and locked inside the Human 
Performance Laboratory under the supervision o f the principal investigators.
X. Written Informed Consent
A written informed consent (see attachment) will be used in this study and signed 
by all subjects.
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Informed Consent
Title of Study: “The use of heart rate monitoring to estimate energy 
expenditure during field activities -  
cycling and running.”
The purpose o f this study is to examine the accuracy o f heart rate monitoring in 
estimating energy expenditure during cycling and running exercises performed in 
the field. Estimated energy expenditure will be calculated using the cycle 
ergometer and treadmill in The Human Performance Lab at the University of 
Montana, McGill Hall #121. Actual energy expenditure values will be calculated 
during the field cycle/run, totaling 41 minutes o f exercise (20-min ride, I-min 
transition, 20-min run) on a road near the campus. Prior to each exercise trial, 
subjects will be required to refrain from exercise for a 12-hour period and fast for 
4 hours.
Subject participation in the study will include:
1) Completion o f a health history questionnaire, 2) a multi-stage maximal cycle 
ergometer test («16 min), 3) a multi-stage maximal treadmill test(»16 min), 4) 
one field trial consisting o f 20-min o f cycling followed by 20-min of 
running/jogging. During all field tests, subjects will perform at a self-selected 
pace.
A chest strap will be worn to monitor heart rate during all exercise testing 
sessions. Expired air samples will be collected using a portable collection system, 
which will be worn using a modified backpack. This involves wearing a 
mouthpiece and nose clip throughout the entire exercise bout. The mouthpiece 
and nose clip will not interfere in any way with breathing.
Workloads on the cycle ergometer and treadmill will be at four intervals of 
approximately four minutes each. On the cycle ergometer, you will continue to 
ride after the fourth interval. The resistance will increase each minute until you 
are fatigued. After completion of the four work intervals on the treadmill, you 
will continue to walk/run with an increase in grade/speed until fatigue. The cycle 
and treadmill tests are two separate trials and will not be completed on the same 
day.
For the entire field test, you will again wear the portable metabolic system 
(mouthpiece, nose-clip and small backpack). This test will consist o f a 20 minute 
ride at a self-selected pace on your own bike. At the end o f 20 minutes, you will 
stop riding, change shoes, and begin to run at a self-selected pace. You will be 
allowed approximately one minute to make the transition from cycling to running. 
This phase will also last 20 minutes. At the end o f this phase, testing is complete. 
**It is encouraged that you bring bottled water and food to the laboratory so 
that it is available for immediate consumption after completion of a trial. 
Small portions of food will be stored in the lab, but it is highly recommended 
that you bring your own.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
37
It is expected that some discomfort, such as muscular fatigue, will be felt 
during any o f the exercise trials. Discomfort will be kept to a minimum by 
following appropriate ACSM guidelines. Risks o f participation are minimal and 
may include, but are not limited to: loss of consciousness and stroke (0.05% of the 
time), heart attack and death (0.005% o f the time), musculoskeletal injury, or 
muscle soreness. These risks will be kept to a minimum by using appropriate 
guidelines, sterile instruments, and trained investigators.
Although there are minimal risks associated with this study, the University 
requires the following statement.
"In the event that you are injured as a result o f  this research you should 
individually seek appropriate medical treatment. I f  the injury is caused by the 
negligence o f  the University or any o f  its employees, you may be entitled to 
reimbursement or compensation pursuant to the Comprehensive State Insurance 
Plan established by the Department o f  Administration under the authority o f  
M.C.A., Title 2, Chapter 9. In the event o f  a claim fo r  such injury, further 
information may be obtainedfrom the University’s Claims Representative or 
University Legal Counsel Subjects will have access to all fitness testing 
information, which may assist them in their personal exercise. "
Subject participation is solicited, but completely voluntary. Even after 
agreeing to participate, each subject has the right to withdraw at any time, free of 
penalty. Subject’s names will not be associated in any way with the research 
findings. Subjects should not hesitate to ask any questions prior to or during the 
study. Subjects understand that if they have additional questions they can contact 
Justin Carlstrom at home (549-9892) or Brent Ruby at home (542-2513) or at the 
Human Performance Laboratory (243-2117) located in McGill Hall.
Statement of Consent
I have read the above description of this research study. 1 have been 
informed of the risks and benefits involved, and all my questions have been 
answered to my satisfaction. Furthermore, I have been assured that any 
future questions I may have will also be answered by a member of the 
research team. I voluntarily agree to take part or to have my child take part 
in this study. 1 understand I will receive a copy of this consent form.
Name o f  Participant
Signature o f Participant__________________________ Date:
Signature o f Witness __________________________ Date:________ (By signing,
subject certifies he is at least 18 yrs old.)
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Appendix HA: Statistical Results -  Overall Equation
Source df Sum of Squares Mean Square F-Va lue P-Vatue 6-G H-F
Subject 10 1.648 .165
mode 1 2.406 2.406 27.590 .0004 .0004 .0004
mode * Subject 10 .872 .087
calculation 1 .260 .260 7.042 .0242 .0242 .0242
calculation * Su... 10 .369 .037
mode * calculati... 1 .084 .084 3.960 .0746 .0746 .0746
mode * calculati... 10 .213 .021
Dependent: V02 (l/min)
Means Table
E ffe c t: mode *  ca lcu la tion  
Dependent: V 0 2  ( l/m in )
Count Mean Std. Dev. Std. Error
run, est 11 2.783 .358 .108
run, act 11 3.024 .332 .100
cycle, est 11 2.403 .160 .048
cycle, act 11 2.469 .216 .065
Comparison 1
E ffe c t: mode * ca lcu la tion  
Dependent: V 0 2  ( l/m in )
Cell Weight
run, est 
run, act
df
Sum of Squares 
Mean Square 
F-Value 
P-Vaiue 
6-G 
H-F
1
.320 
.320 
15.008 
.0031
.0031
.0031
Comparison 2
E ffe c t: mode * ca lcu lation
Dependent: V 0 2  (l/m in )
1.000
Cell Weight
cycle, est 1.000-1 .000
cycle, act -1 .000
df
Sum of Squares 
Mean Square 
F-Value 
P-Va lue 
G-G
1
.024 
.024 
1.123
.3142 
.3142
H-F' .3142
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df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 .900 .090
mode 1 1.939 1.939 18.932 .0014 .0014 .0014
mode * Subject 10 1.024 .102
calculation 1 .258 .258 8.670 .0147 .0147 .0147
calculation * Su... 10 .297 .030
mode * calculati... 1 .085 .085 3.710 .0829 .0829 .0829
mode * calculati... 10 .229 .023
Dependent: VC02 (L/min)
Means Table
E ffe c t: mode * ca lcu lation  
Dependent: V C 02 (L /m in )
Count Mean Std. Dev. Std. Error
run, est 11 2.427 .293 .088
run, act 11 2.668 .288 .087
cycle, est 11 2.095 .146 .044
cycle, act 11 2.160 .235 .071
Comparison 1
E ffe c t: mode * ca lcu lation  
Dependent: VC 02 (L /m in )
Cell Weight
run, est 
run, act
df 1
Sum of Squares .319 
Mean Square .319 
F-Value 13.943 
P-Value .0039 
G-G .0039 
H-F .0039
Comparison 2
E ffe c t: mode * calcu lation
Dependent: VC 02 (L /m in )
1.000
Cell Weight
cycle, est 1.000
-1 .000
cycle, act -1 .000
df 1
Sum of Squares .023 
Mean Square .023 
F-Value 1.020 
P-Value .3363 
G-G .3363 
H-F .3363
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df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 .027 .003
mode 1 2.646E-4 2.646E-4 .227 .6440 .6440 .6440
mode * Subject 10 .012 .001
calculation 1 3.280E-4 3.280E-4 .993 .3425 .3425 .3425
calculation * Su... 10 .003 3.302E-4
mode * calculati... 1 1.762E-4 1.762E-4 .809 .3897 .3897 .3897
mode *  calculati... 10 .002 2.179E-4
Dependent: RER
Means Tab le
E ffe c t: mode *  ca lcu lation  
Dependent: RER
Count Mean Std. Dev. Std. Error
run, est 11 .873 .034 .010
run, act n .883 .026 .008
cycle, est 11 .873 .037 .011
cycle, act 11 .874 .034 .010
Com parison 1
E ffe c t: mode * ca lcu la tion  
Dependent: RER
Cell Weight
run, est 1.000
- 1.000
Comparison 2
E ffe c t: mode * ca lcu lation
Dependent: RER
Cell Weight
cycle, est 1.000
df 1 cycle, act -1 .000
Sum of Squares 4.924E-4
Mean Square 4.924E-4 df 1
F-Value 2.260 Sum of Squares 1.169E-5
P-Value .1636 Mean Square 1.169E-5
G-G .1636 F-Value .054
H-F .1636 P-Value .8215
G-G .8215
H-F .8215
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df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 34.956 3.496
mode 1 57.060 57.060 25.188 .0005 .0005 .0005
mode * Subject 10 22.654 2.265
calculation 1 6.499 6.499 7.547 .0206 .0206 .0206
calculation * Su... 10 8.611 .861
mode * calculati... 1 2.122 2.122 3.923 .0758 .0758 .0758
mode * calculati... 10 5.409 .541
Dependent: kcal/mm
Means Tab le
E ffe c t: mode * ca lcu la tio n  
Dependent: kca l/m in
Count Mean Std. Dev. Std. Error
run, est 11 13.457 1.692 .510
run, act 11 14.664 1.593 .480
cycle, est 11 11.618 .752 .227
cycle, act 11 11.948 1.094 .330
Comparison 1
E ffe c t: mode *  ca lcu la tion  
Dependent: kca l/m in
Cell Weight
run, est 
run, act
1.000
1.000
df
Sum of Squares 
Mean Square 
F-Value 
P-Value 
G-G 
H-F
1
8.024
8.024
14.834
.0032
.0032
.0032
Comparison 2
E ffe c t: mode *  ca lcu lation
D ependent: kca l/m in
Cell Weight
cycle, est 1.000
cycle, act -1 .000
df 1
Sum of Squares .597
Mean Square .597
F-Value 1.104
P-Value .3182
G-G .3182
H-F .3182
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Type I I I  Sums of Squares
Source df Sum of Squares Mean Square F-Value P-Value 6-G H-F
Subject 10 27965.018 2796.502
calculation 1 5199.000 5199.000 7.547 .0206 .0206 .0206
calculation * ... 10 6888.613 688.861
Dependent: total kcals
Means Tab le  
E ffe c t: ca lcu la tio n  
Dependent: to ta l kcals
Count Mean Std. Dev. Std. Error
est 11 501.498 42.116 12.698
act 11 532.243 41.371 12.474
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df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 2.282 .228
mode 1 1.839 1.839 5.735 .0376 .0376 .0376
mode * Subject 10 3.207 .321
calculation 1 .455 .455 6.688 .0271 .0271 .0271
calculation * Su... 10 .681 .068
mode * calculati... 1 .155 .155 2.503 .1447 .1447 .1447
mode * calculati... 10 .619 .062
Dependent; g/min CHO
Means Table
E ffe c t: mode * ca lcu la tio n  
Dependent: g /m in  CHO
Count Mean Std. Dev. Std. Error
run, est 11 2.111 .389 .117
run, act 11 2.433 .388 .117
cycle, est 11 1.820 .403 .122
cycle, act 11 1.905 .463 .140
Comparison 1
E ffe c t: mode * ca lcu la tio n  
Dependent: g /m in  CHO
Cell Weight
run, est 
run, act
1.000
- 1.000
df 1
Sum of Squares .571 
Mean Square .571 
F-Value 9.221 
P-Value .0125 
G-G .0125  
H-F .0125
Comparison 2
E ffe c t: mode * ca lcu lation
Dependent: g /m in  CHO
Cell Weight
cycle, est 
cycle, act
1.000
- 1.000
df 1
Sum of Squares .040  
Mean Square .040 
F-Value .639 
P-Value .4427 
G-G .4427 
H-F .4427
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Source df Sum of Squares Mean Square F-Value P-Va lue G-G H-F
Subject 10 18293.797 1829.380
mode 1 28731.988 28731.988 22.714 00 0 8 .0008 .Q008
mode * Subject 10 12649.673 1264.967
calculation 1 15023.807 15023.807 33.018 .0002 .0002 .0002
calculation * Su... 10 4550.243 455.024
mode * calcuiati... 1 10071.879 10071.879 24.496 .0006 .0006 .0006
mode * calcuiati... 10 4111.633 411.163
Dependent: pmol/kg/min CHO
Means Tab le
E ffe c t: mode *  ca lcu la tion  
Dependent: p m o l/k g /m in  CHO
Count Mean Std. Dev. Std. Error
run, est 11 158.695 31.583 SI.522
run, act 11 225.911 13.415 4.045
cycle, est 11 137.847 33.905 1(1223
cycle, act 11 144.544 40.417 12J86
Com parison 1
E ffe c t: mode * ca lcu la tion  
D ependent: p m o l/k g /m in  CHO
Cell Weight
run, est 
run, act
df
Sum of Squares 
Mean Square 
F-Value 
P-Value 
G-G 
H-F
1
24848.980
24848.980  
60.436  
.0001 
.0001 
.0001
Comparison 2
E ffe c t: mode * calcu lation
D ependent: p m o l/kg /m in  CHO
1.000
Cell Weight
cycle, est 1.000
-1 .000
cycle, act -T^OO
df
Sum of Squares 
Mean Square 
F-Value 
P-Value 
G-G 
H-F
1
24&706
246.706
^ 0 0
j^65
j^65
^565
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df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 .742 4 7 4
mode 1 .070 .070 5.152 4 4 6 6 .0466 4 4 6 6
mode * Subject 10 .136 .014
calculation 1 8.634E-6 8.634E-6 401 4754 .9754 .9754
calculation * Su... 10 .087 .009
mode * calcuiati... 1 2.317E-6 2.317E-6 .001 4771 .9771 .9771
mode *  calcuiati... 10 .027 .003
Dependent: g/min FAT
Means Table
E ffe c t: mode *  ca lcu la tio n  
Dependent: g /m in  FAT
Count Mean Std. Dev. Std. Error
run, est 11 .594 .184 4 5 6
run,act 11 .595 .152 .046
cycle, est 11 .514 .165 4 5 0
cycle, act 11 .515 .121 4 3 7
Comparison 1
E ffe c t: mode * ca lcu la tio n  
Dependent: g /m in  FAT
Cell Weight
Comparison 2
E ffe c t: mode * ca lcu lation
Dependent: g /m in  FAT
Cell Weight
run, est %000 cycle, est 1.000
run, act -1 .000 cycle, act -1 .000
df
Sum of Squares 
Mean Square 
F-Value 
P-Value 
G-G 
H-F
1
1.003E-6 
1.003E-6 
3.763E-4 
^849
.9849
.9849
df
Sum of Squares 
Mean Square 
F-Value 
P-Value 
G-G 
H-F
1
9.948E-6
9.948E-6
.004
9525
45 2 5
45 2 5
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df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 127.680 1ZL768
mode 1 16.144 16.144 5.058 ^483 .0483 .0483
mode *  Subject 10 31.918 3L192
calculation 1 .005 .005 .003 .9593 .9593 .9593
calculation * Su... 10 19.281 1.928
mode * calcuiati... 1 .002 a 0 2 .004 .9523 .9523 .9523
mode * calcuiati... 10 6.485 .649
Dependent: pmol/kg/min FAT
Means Table
E ffe c t: mode * ca lcu la tion  
D ependent: /i/m o l/kg /m in  FAT
Count Mean Std. Dev. Std. Error
run, est 11 9.195 2.524 .761
run, act 11 9.232 2.192 .661
cycle, est 11 7.999 2.189 ^ 6 0
cycle, act 11 8.006 1.604 ^ 8 4
Comparison 1
E ffe c t: mode * ca lcu lation  
D ependent: p m o l/k g /m in  FAT
Cell Weight
run, est 
run, act
1.000
1.000
df 1
Sum of Squares .007 
Mean Square .007 
F-Value .011 
P-Value .9168 
G-G .9168  
H-F .9168
Comparison 2
E ffe c t: mode * ca lcu lation
Dependent: p m o l/k g /m in  FAT
Cell Weight
cycle, est 
cycle, act
1.000
- 1.000
df 1
Sum of Squares 2.720E-4
Mean Square 2.720E-4
F-Value 4.194E-4
P-Value ^841
G-G ^841
H-F .9841
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
47
Appendix HB: Statistical Results - Low-intensity E quation
Source df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 2.237 ^ 2 4
mode 1 3.419 3.419 44.778 .0001 .0001 .0001
mode * Subject 10 .764 .076
calculation 1 .231 .231 10.633 .0086 .0086 .0086
calculation * Su... 10 .217 .022
mode * calcuiati... 1 .102 .102 3.795 .0800 .0800 .0800
mode * calcuiati... 10 .268 .027
Dependent: V02 (l/min)
Means Tab le
E ffe c t: mode *  ca lcu la tion  
Dependent: V 0 2  ( l/m in )
Count Mean Std. Dev. Std. Error
run, est 11 2.525 J 5 2 J 0 6
run, act 11 2.766 .340 J 0 3
cycle, est 11 2.064 .169 .051
cycle, act 11 2.113 .284 .086
Com parison 1
E ffe c t: mode * ca lcu la tio n  
Dependent: V 0 2  ( l/m in )
Cell Weight
Comparison 2
E ffe c t: mode * ca lcu lation
Dependent: V 0 2  (l/m in )
Cell Weight
run, est LOOO cycle, est 1.000
run, act -1 .000 cycle, act -1.000
df 1 df 1
Sum of Squares .319 Sum of Squares .013
Mean Square JU 9 Mean Square 0 1 3
F-Value 1L927 F-Value .488
P-Value .0062 P-Value 000 8
G-G .0062 G-G 000 8
H-F .0062 H-F 000 8
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d f  Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 1.692 .169
mode 1 2.729 2.729 35.995 .0001 .0001 .0001
mode * Subject 10 .758 .076
calculation 1 .285 .285 16.313 .0024 .0024 .0024
calculation * Su... 10 .175 .017
mode * calcuiati... 1 .085 .085 2.804 .1250 .1250 .1250
mode * calcuiati... 10 .304 .030
Dependent: VC02 (L/min)
Means Tab le
E ffe c t: mode *  ca lcu la tion  
Dependent: VC 02 (L /m in )
Count Mean Std. Dev. Std. Error
run, est 11 2.161 .294 .089
run, act 11 2.410 .305 ^92
cycle, est 11 1.751 .170 ^51
cycle, act 11 1.824 .291 ^ 8 8
Com parison 1
E ffe c t: mode *  ca lcu lation  
Dependent: V C 02 (L /m in )
Cell Weight
run, est 
run, act
LOGO
1.000
df 1
Sum of Squares .341 
Mean Square .341 
F-Value 11.211 
P-Value .0074 
G-G .0074  
H-F .0074
Comparison 2
E ffe c t: mode * calculation
Dependent: VC 02 (L / m)
Cell Weight
cycle, est 1.000
cycle, act -LOOO
df 1
Sum of Squares ^ 2 9
Mean Square ^ 2 9
F-Value ^61
P-Value ^501
3-G J501
H-F .3501
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Source df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 .035 .003
mode 1 .001 .001 1.309 .2792 ^ 792 ^ 792
mode * Subject 10 .007 .001
calculation 1 .002 .002 3.656 .0849 .0849 .0849
calculation * Su... 10 .006 .001
mode * calcuiati... 1 5.782E-6 5.782E-6 .014 .9071 .9071 .9071
mode * calcuiati... 10 .004 4.036E-4
Dependent: RER 
Means Tab le
E ffe c t: mode *  ca lcu lation  
Dependent: RER
Count Mean Std. Dev. Std. Error
run, est 11 .857 .039 a i 2
run, act 11 .872 .030 .009
cycle, est 11 .848 .039 4 1 2
cycle, act 11 .861 .035 411
Comparison 1
E ffe c t; mode * ca lcu lation  
Dependent: RER
Cell Weight
run, est 
run, act
1.000
• 1.000
df 1
Sum of Squares .001 
Mean Square .001 
F-Value 2.886 
P-Value .1202 
(^G .1202 
H-F .1202
Comparison 2
E ffe c t: mode * calcu lation
Dependent: RER
Cell Weight
cycle, est T400
cycle, act -1 .000
df 1
Sum of Squares .001
Mean Square .001
F-Value 2L340
P-Value J571
3-G J571
H-F .1571
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df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 51.229 5.123
mode 1 80.888 80.888 42.647 .0001 .0001 .0001
mode * Subject 10 18.967 1.897
calculation 1 6.139 6.139 12.393 .0055 .0055 .0055
calculation * Su... 10 4.954 .495
mode * calcuiati... 1 2.435 2.435 3.534 .0895 .0895 .0895
mode *  calcuiati... 10 6.888 .689
Dependent: kcal/min
Means Table
E ffe c t: mode * ca lcu lation  
D ependent: kca l/m in
Count Mean Std. Dev. Std. Error
run, est 11 12.156 1.668 ^ 03
run, act 11 13L373 1.646 ^ 9 6
cycle, est 11 9.915 .825 ^ 4 9
cycle, act 11 10.191 1.425 .430
Comparison 1
E ffe c t: mode *  ca lcu lation  
D ependent; kcal/m in
Cell Weight
Comparison 2
E ffec t: mode *  ca lcu lation
Dependent: kca l/m in
Cell Weight
run, est 1.000 cycle, est TOOO
run, act -1 .000 cycle, act -1 .000
df 1 df 1
Sum of Squares 8J5 3 Sum of Squares .421
Mean Square 8 J 5 3 Mean Square ^21
F-Value TL836 F-Value ^11
P-Value .0063 P-Value ^ 5 2 6
G-G .0063 G-G ^ 5 2 6
H-F .0063 H-F j^ 2 6
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Source df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 4.214 ^21
mode 1 2,499 2 4 9 9 14.163 40 3 7 1 4 0 3 7 .0037
mode * Subject 10 1.762 .176
calculation 1 .788 .788 10.722 .0084 .0084 .0084
calculation *  Su... 10 .734 .073
mode *  calcuiati... 1 .094 .094 1.019 .3365 .3365 .3365
mode * calcuiati... 10 .917 .092
Dependent: g/min CHO
Means Table
E ffe c t: mode *  ca lcu lation  
Dependent; g /m in  CHO
Count Mean Std. Dev. Std. Error
run, est 11 1.727 .443 J 3 4
run, act 11 2.087 .427 J 2 9
cycle, est n 1.343 .397 4 2 0
cycle, act 11 1.518 4 7 6 .144
Comparison 1
E ffe c t: mode * calcu lation  
Dependent: g /m in  CHO
Cell Weight
Comparison 2
E ffe c t: mode * ca lcu lation
Dependent: g /m in  CHO
Cell Weight
run, est 140 0 cycle, est 1.000
run, act -1.000 cycle, act -1 .000
df 1 df 1
Sum of Squares J 4 2 Sum of Squares 4 6 9
Mean Square ^ 1 2 Mean Square 4 6 9
F-Value 7.760 F-Value 1.844
P-Value 4 1 9 3 P-Value .2044
G-G 4 1 9 3 G-G .2044
H-F .0193 H-F .2044
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Source df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 18172.964 1817.296
mode 1 39644.192 39644.192 52.096 .0001 .0001 .0001
mode *  Subject 10 7609.827 760.983
calculation 1 22075.077 22075.077 42.468 .0001 .0001 .0001
calculation * Su... 10 5198.039 519.804
mode *  calcuiati... 1 11122.887 11122.887 27.849 .0004 .0004 .0004
mode * calcuiati... 10 3994.011 399.401
Dependent: f/mol/kg/min CHO
Means Table
E ffe c t: mode * ca lcu lation  
Dependent: u m o l/k g /m in  CHO
Count Mean Std. Dev. Std. Error
run, est 11 129.750 33.270 1CL031
run, act 11 206.346 12.036 3.629
cycle, est 11 101.515 31.210 9.410
cycle, act 11 114.514 35.661 1CL752
Comparison 1
E ffe c t: mode *  calcu lation  
D ependent: p m o l/k g /m in  CHO
run, est 
run, act
df
Sum of Squares 
Mean Square 
F-Value 
P-Value 
G-G 
H-F
1
3226&6S2
3226&6S2
80.793
.0001
.0001
.0001
Comparison 2
E ffe c t: mode * ca lcu lation
Dependent: p m o l/k g /m in  CHO
Cell Weight
Cell Weight
cycle, est 1.000
1.000 cycle, act -1 .000
-1.000
df
Sum of Squares 
Mean Square 
F-Value 
P-Value 
G-G 
H-F
1
929.311
929.311 
2.327
.1581
.1581
.1581
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Source
53
df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 .673 .067
mode 1 .108 .108 13.375 .0044 .0044 .0044
mode * Subject 10 .081 .008
calculation 1 .008 .008 .696 .4238 .4238 .4238
calculation * Su... 10 .115 .012
mode * calcuiati... 1 .002 .002 ^ 6 6 .5015 .5015 .5015
mode * calcuiati... 10 .041 .004
Dependent: g/min FAT
Means Tab le
E ffe c t: mode * ca lcu lation  
Dependent: g /m in  FAT
Count Mean Std. Dev. Std. Error
run, est 11 .608 .195 aS 9
run, act 11 .595 .148 .045
cycle, est 11 ^ 2 2 .142 .043
cycle, act 11 .482 .104 .031
Comparison 1
E ffe c t: mode * ca lcu lation  
Dependent: g /m in  FAT
Cell Weight
Comparison 2
E ffe c t: mode *  ca lcu lation
Dependent: g /m in  FAT
Cell Weight
run, est 1.000 cycle, est 1.000
run, act -1 .000 cycle, act -1 .000
df 1 df 1
Sum of Squares O01 Sum of Squares 0 0 9
Mean Square .001 Mean Square 0 0 9
F-Value .247 F-Value 2.201
P-Value ^ 2 9 7 P-Value J68 8
G-G ^ 2 9 7 G-G J 6 8 8
H-F .6297 H-F T688
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df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 114.429 1%443
mode 1 24.933 24.933 13.490 .0043 .0043 .0043
mode * Subject 10 18.482 1.848
calculation 1 1.899 1.899 7 3 4 .4116 .4116 .4116
calculation * Su... 10 25.864 2.586
mode * calcuiati... 1 .552 .552 .576 .4654 .4654 .4654
mode * calcuiati... 10 9.578 .958
Dependent; pmol/kg/min FAT
Means Table
E ffe c t: mode * ca lcu lation  
D ependent: p m o l/k g /m in  FAT
Count Mean Std. Dev. Std. Error
run, est 11 9.421 2.627 .792
run, act 11 9.229 2.108 .636
cycle, est 11 8.139 1.876 .566
cycle, act 11 7.500 1.404 ^ 23
Comparison 1
E ffe c t: mode * ca lcu lation  
Dependent: p m o l/k g /m in  FAT
Cell Weight
run, est 
run, act
1.000
- 1.000
df 1
Sum of Squares .202 
Mean Square .202 
F-Value .211 
P-Value .6561 
Ĉ G .6561 
H-F .6561
Comparison 2
E ffe c t: mode * ca lcu lation
Dependent: p m o l/k g /m in  FAT
Cell Weight
cycle, est ro o o
cycle, act -1 .000
df 1
Sum of Squares :>249
Mean Square 2%249
F-Value 2.348
P-Value J565
3-G J565
H-F .1565
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Appendix DC: Statistical Results - High-intensity Equation
Type III Sums o f  Squares
Source df Sum of Squares Mean Square
55
F-Value P-Value G-G H-F
Subject 10 2.678 .268
mode 1 1.809 1.809 12.345 .0056 .0056 .0056
mode * Subject 10 1.465 .147
calculation 1 .304 .304 4.848 .0523 .0523 .0523
calculation * Su... 10 .627 .063
mode * calcuiati... 1 .064 .064 3.170 .1054 .1054 .1054
mode *■ calcuiati... 10 ^ 0 2 .020
Dependent: V02 (l/min)
Means Table
E ffe c t: mode * ca lcu la tio n  
Dependent: V 0 2  ( l/m in )
Count Mean Std. Dev. Std. Error
run, est n 3.131 .462 .139
run, act n 3.374 .413 .125
cycle, est 11 2.802 .237 .071
cycle, act 11 2.892 .238 .072
Comparison 1
E ffe c t: mode * ca lcu lation  
Dependent: V 0 2  (l/m in )
Cell Weight
Comparison 2
E ffe c t: mode * ca lcu lation
Dependent: V 0 2  (l/m in )
Cell Weight
run, est 1.000 cycle, est TOOO
run, act -1.000 cycle, act -1 .000
df 1 df 1
Sum of Squares J 2 4 Sum of Squares ^ 44
Mean Square .324 Mean Square ^ 44
F-Value 16.012 F-Value 2.201
P-Value .0025 P-Value .1688
G-G .0025 G-G .1688
H-F .0025 H-F .1688
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df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 1.821 J 8 2
mode 1 1.628 1.628 8.284 .0164 .0164 .0164
mode * Subject 10 1.965 .197
calculation 1 .284 .284 5.432 .0420 .0420 .0420
calculation * Su... 10 .522 4 5 2
mode * calcuiati... 1 .061 .061 3.064 .1106 .1106 .1106
mode * calcuiati... 10 .198 .020
Dependent: VC02 (L/min)
Means Table
E ffe c t: mode *  ca lcu la tio n  
Dependent: V C 02 (L /m in )
Count Mean Std. Dev. Std. Error
run, est 11 2.780 .435 .131
run, act 11 3.015 .384 .116
cycle, est 11 2.470 J21 4 6 7
cycle, act 11 2.556 .255 .077
Comparison 1
E ffe c t: mode *  ca lcu la tion  
Dependent: V C 02  (L /m in )
Cell Weight
Comparison 2
E ffe c t: mode * ca lcu lation
Dependent: VC 02 (L /m in )
Cell Weight
run, est L400 cycle, est 1.000
run, act -1 .000 cycle, act -1 .000
df 1 df 1
Sum of Squares 4 0 3 Sum of Squares 441
Mean Square .303 Mean Square 441
F-Value 15.340 F-Value 24 7 8
P-Value .0029 P-Value .1801
G-G .0029 G-G .1801
H-F .0029 H-F .1801
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df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 .027 .003
mode 1 .001 .001 4 7 0 .5566 .5566 4 5 6 6
mode * Subject 10 .021 .002
calculation 1 1.307E-4 1.307E-4 .247 430 2 .6302 .6302
calculation *  Su... 10 .005 .001
mode * calcuiati... 1 4.953E-5 4.953E-5 .237 .6369 .6369 .6369
mode * calcuiati... 10 .002 2.091 E-4
Dependent: RER
Means Table
E ffe c t:  mode *  ca lcu la tio n  
Dependent: RER
Count Mean Std. Dev. Std. Error
run, est 11 .888 .046 414
run, act 11 .894 .026 .008
cycle, est 11 .882 .038 411
cycle, act 11 .883 .036 411
Comparison 1
E ffe c t: mode * ca lcu la tion  
Dependent: RER
Cell Weight
Comparison 2
E ffe c t: mode * calcu lation
D ependent: RER
Cell Weight
run, est 1.000 cycle, est 1.000
run, act -1 .000 cycle, act - 1.000
df
Sum of Squares 
Mean Square 
F-Value 
P-Value 
G-G 
H-F
1
1.706E-4 
1.706E-4 
.816 
.3876  
.3876  
J 8 7 6
df
Sum of Squares 
Mean Square 
F-Value 
P-Value 
G-G 
H-F
1
9.658E-6
9.658E-6
446
4341
.8341
.8341
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
Source
58
df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 59.781 &476
mode 1 44.109 44.109 11.188 .0074 .0074 .0074
mode * Subject 10 39.424 3.942
calculation 1 7.488 7.488 5.080 .0479 .0479 .0479
calculation * Su... 10 14.740 1.474
mode * calcuiati... 1 1.582 1.582 3.179 .1049 .1049 .1049
mode * calcuiati... 10 4.975 .498
Dependent: kcal/min
Means Tab le
E ffe c t: mode *  ca lcu lation  
Dependent: kca l/m in
Count Mean Std. Dev. Std. Error
run, est 11 15.206 2.256 .680
run, act 11 16.410 2.019 .609
cycle, est 11 13.583 1.136 3 4 2
cycle, act 11 14.028 1.198 .361
Comparison 1
E ffe c t: mode * ca lcu la tio n  
Dependent: kca l/m in
Cell Weight
run, est 
run, act
1.000
- 1.000
df
Sum of Squares 
Mean Square 
F-Value 
P-Value 
G-G 
H-F
1
7.976
7.976
16.033
.0025
.0025
.0025
Comparison 2
E ffe c t: mode * ca lcu lation
Dependent: kca l/m in
Cell Weight
cycle, est 1.000
cycle, act -1 .000
df 1
Sum of Squares 1.093
Mean Square 1.093
F-Value & 197
P-Value J691
G-G 4691
H-F .1691
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Source df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 4.331 ^ 3 3
mode 1 2.216 & 216 &B76 J 2 0 8 .1208 .1208
mode * Subject 10 7.706 .771
calculation 1 .427 .427 3.236 .1022 .1022 .1022
calculation * Su... 10 1.318 .132
mode * calcuiati... 1 .094 .094 1.785 .2111 .2111 .2111
mode * calcuiati... 10 .528 .053
Dependent: g/min CHO
Means Tab le
E ffe c t: mode * ca lcu lation  
Dependent: g /m in  CHO
Count Mean Std. Dev. Std. Error
run, est 11 2.600 .740 .223
run, act 11 2.889 .542 .163
cycle, est 11 2.243 .506 .153
cycle, act 11 2.348 .539 J 6 3
Comparison 1
E ffe c t: mode *  ca lcu lation  
Dependent: g /m in  CHO
Cell Weight
run, est 
run, act
1.000
1.000
df
Sum of Squares 
Mean Square 
F-Value 
P-Value 
G-G 
H-F
Comparison 2
E ffe c t: mode * ca lcu lation
Dependent: g /m in  CHO
Cell Weight
cycle, est 
cycle, act
1.000
- 1.000
1
.461 df 1
.461 Sum of Squares .060
8.732 Mean Square 4 6 0
.0144 F-Value 1.135
.0144 P-Value .3117
.0144 G-G .3117
H-F .3117
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Source df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 25024.447 2502.445
mode 1 26440.932 26440.932 &324 .0122 .0122 .0122
mode * Subject 10 28356.779 2835.678
calculation 1 11878.197 11878.197 12.497 .0054 .0054 .0054
calculation * Su... 10 9504.792 950.479
mode * calcuiati... 1 6443.636 6443.636 8.291 .0164 .0164 .0164
mode *  calcuiati... 10 7771.775 777.178
Dependent: pmol/kg/min CHO
Means Table
E ffe c t: mode * ca lcu la tion  
Dependent: //m o l/k g /m in  CHO
Count Mean Std. Dev. Std. Error
run, est 11 194.587 51.443 15.511
run, act 11 251.650 14.631 4.411
cycle, est 11 169.762 41.334 12.463
cycle, act 11 178.420 49.968 15.066
Comparison 1
E ffe c t: mode * ca lcu lation  
Dependent: p m o l/k g /m in  CHO
Cell Weight
run, est 
run, act
1.000
■ 1.000
df
Sum of Squares 
Mean Square 
F-Value 
P-Value 
G-G 
H-F
1
17909.561
17909.561 
23.044  
.0007 
.0007 
.0007
Comparison 2
E ffe c t: m ode * calcu lation
Dependent: p m o l/k g /m in  CHO
Cell Weight
cycle, est 
cycle, act
1.000
- 1.000
df
Sum of Squares 
Mean Square 
F-Value 
P-Value 
G-G 
H-F
1
412.272
412.272
.530
.4831
.4831
.4831
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61
df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 .907 .091
mode 1 .013 .013 .342 .5716 .5716 .5716
mode * Subject 10 .387 .039
calculation 1 .001 .001 .062 .8077 .8077 .8077
calculation * Su... 10 .159 .016
mode * calcuiati... 1 1.391 E-4 1.391 E-4 .038 ,8497 .8497 .8497
mode * calcuiati... 10 .037 .004
Dependent: g/min FAT
Means Table
E ffe c t: mode *  ca lcu lation  
Dependent: g /m in  FAT
Count Mean Std. Dev. Std. Error
run, est 11 .586 .245 .074
run, act 11 .599 .157 .047
cycle, est 11 .555 .196 .059
cycle, act 11 .561 .162 .049
Comparison 1
E ffe c t: mode *  ca lcu lation  
Dependent: g /m in  FAT
Cell Weight
run, est 
run, act
1.000
- 1.000
df 1
Sum of Squares .001 
Mean Square .001 
F-Value .255 
P-Value .6244 
G-G .6244 
H-F .6244
Comparison 2
E ffe c t: mode * ca lcu la tion
Dependent: g /m in  FAT
Cell Weight
cycle, est 
cycle, act
1.000
- 1.000
df
Sum of Squares 
Mean Square 
F-Value 
P-Value 
G-G 
H-F
1
1.9452-4
1.945E-4
.053
.8227
.8227
.8227
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df Sum of Squares Mean Square F-Value P-Value G-G H-F
Subject 10 153.375 15.338
mode 1 3.168 3.168 .363 .5601 .5601 .5601
mode * Subject 10 87.182 8.718
calculation 1 .246 .246 .067 .8005 .8005 .8005
calculation * Su... 10 36.553 3.655
mode * calcuiati... 1 .074 .074 .077 .7870 .7870 .7870
mode * calcuiati... 10 9.656 .966
Dependent: pmol/kg/min FAT
Means Tab le
E ffe c t: mode *  ca lcu lation  
D ependent: p m o l/k g /m in  FAT
Count Mean Std. Dev. Std. Error
run, est 11 9.068 3.593 L083
run, act 11 9.300 2.269 .684
cycle, est 11 8.614 2.494 .752
cycle, act 11 8.681 2.098 .633
Comparison 1
E ffe c t: mode *  calcu lation  
D ependent: p m o l/k g /m in  FAT
Cell Weight
run, est 
run, act
1.000
1.000
df
Sum of Squares 
Mean Square 
F-Value 
P-Value 
G-G 
H-F
Comparison 2
E ffe c t: mode * ca lcu lation
Dependent: p m o l/k g /m in  FAT
Cell Weight
cycle, est 
cycle, act
1.000
- 1.000
1
.296 df 1
.296 Sum of Squares .025
.306 Mean Square .025
.5923 F-Value .026
.5923 P-Value .8755
.5923 G-G .8755
H-F .8755
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Appendix III: M anuscript
Minute-by-minute heart rate monitoring to estimate energy expenditure during cycling
and running.
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Key words: heart rate monitoring, energy expenditure, substrate 
utilization, oxygen consumption, economy, cycling, running.
A bstract
The purpose o f this study was to examine the ability o f minute heart rate 
monitoring to estimate energy expenditure (EE) and substrate utilization. 
Male subjects (n = ll)  completed multi-stage protocols on the cycle 
ergometer and treadmill. Expired gases and HR’s were recorded during 
all testing. Individual regression equations were developed for HR/VO2 
and HRA/CO2 . Subjects then performed 40 minutes o f exercise (20-min 
cycling and 20-min running). HR values were integrated into three sets 
o f regression equations (low, high intensity and overall) to estimate EE 
and substrate utilization. Apriori planned comparisons were performed to 
examine differences between estimated and actual values. Estimated and 
actual values o f VO2 (L/min), CHO use (g/min) and EE were 
significantly different for the run. Cycling resulted in no significant 
differences between any estimated and actual values. These data suggest 
that individual regression equations offer promising potential for 
predicting energy expenditure and substrate utilization from heart rate 
data.
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Introduction
The ability to assess energy expenditure (EE) in free-living individuals is important for 
athletes, dieticians, exercise physiologists and other individuals concerned with 
manipulating a training program based on caloric expenditure and dietary intake. 
Researchers have investigated the EE o f free-living individuals using doubly labeled 
water (DLW) (Sjodin et al., 1994; Jones et al., 1993; Schoeller et al. 1990), the energy 
balance technique/factorial method (Leonard et al., 1997; Spurr et al., 1996), activity 
monitors (Haymes et al., 1993; Pambiano et al., 1990). and changes in heart rate (Racette 
et al., 1995; Lovelady et al., 1993; Livingstone et al., 1990). While these methods have 
each been validated in estimating energy expenditure over an extended period o f time 
(i.e. several days), they do not provide accurate assessments o f EE during a single bout of 
exercise, and each method has technical and/or feasibility limitations. There is a need for 
a valid, reliable, inexpensive field measure o f EE, which can be applied to a single 
exercise session, and which does not hinder the normal activity o f the subject.
It has been well established that portable HR monitors can accurately assess and 
store minute-by-minute heart rates from a period o f a few minutes to an entire day. 
(Gretebeck et al, 1991). Many researchers have investigated the validity o f HR 
monitoring to estimate EE by comparing it to criterion measures o f indirect calorimetry 
or the DLW method (Racette et al., 1995; Lovelady et al., 1993; Livingstone et al., 1990). 
Although the HRM is successful in estimating daily EE (TDEE) within a group, it results 
in significant error when applied to individuals (McCrory et al., 1997; Spurr et al., 1988). 
However, when referenced with methods such as a metabolic system, the use o f HR
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monitoring to estimate EE during a single bout of exercise may be more successful in 
determining individual EE rather than group-derived estimations.
The use o f HR monitoring to estimate EE is based on the relationship between HR 
and oxygen consumption (VO2). While this relationship is unique to each individual, it is 
reasonably linear from low intensity exercise values to near maximal exertion. Bernard 
et al. (1997) found that individuals demonstrated close relationships between HR and 
VO2 (range: r = .87-1.00) during steady-state exercise. Therefore, data collected during 
laboratory exercise (HR, VO2 , VCO2) can be used to develop linear regression equations 
relating HR:V0 2  and HR:VC0 2 . The HR values collected during a similar field activity 
can then be integrated into those linear regression equations to estimate caloric 
expenditure and substrate utilization.
Due to inter-individual variability in HR’s, researchers have found that individual 
linear regression equations provide more accurate estimates o f EE than group-averaged 
equations (Li et al., 1993; Kalkwarf et al., 1989). Thus, the accuracy o f the HRM relies, 
in part, on the establishment of individual-specific, linear HR:V0 2  relationships. In 
addition, the HR:V0 2  relationship may demonstrate more variability at lower exercise 
intensities due to the contribution o f both HR and stroke volume (SV) in increasing 
cardiac output, whereas, at higher intensities, HR is the primary contributor to increased 
cardiac output. Therefore, the linear HR:V0 2  relationship may be slightly different 
above and below intensities of -50%  of an individual’s V0 2 max. Small variations in HR 
can lead to significant error when using HR to estimate EE (Christensen et al., 1983).
Exercise mode also influences the accuracy o f the HRM. Different modes of 
activity produce different cardiorespiratory responses and demonstrate different HR:V0 2
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relationships (Sadayoshi and Horvath 1987; McArdle et al., 1971). Research by Vokac et 
al. (1975) demonstrated that, at VO2 values greater than 1 L/min, the arm ergometry HR 
values were higher than the corresponding HR’s from leg ergometry. Using a calibration 
exercise that closely resembles the experimental exercise should provide optimal fit for 
the individual HRiVO] relationship.
The HR:V0 2  relationship is also influenced by an individual’s mode-specific 
economy. Exercise economy is directly related to mode-specific training. Activity- 
specific training results in increased economy, with decreased oxygen consumption at a 
fixed workload (Morgan et al., 1995). If  possible, the laboratory method to determine the 
HR:V0 2  relationship (calibration activity) should utilize, or closely mimic, an exercise 
mode in which an individual is somewhat trained and economical (Tysk et al., 1998; 
Spurr et al., 1988).
The primary purpose of this study was to examine the ability o f HRM to estimate 
EE and substrate utilization using the subjects’ primary mode o f training (cycling), and 
an alternate, non-primary mode (running). A secondary purpose was to test the accuracy 
o f the prediction equations by applying two different exercise intensities during the 
experimental phase o f testing.
Methods
Eleven trained male subjects participated in this study. Each participant read and signed 
an Institutional Review Board-approved informed consent form and completed a health 
history questionnaire. All subjects were recreationally trained (VOamax > 45 ml kg'' min‘ 
')  and apparently healthy.
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EXPERIMENTAL PROCEDURES
Descriptive data. Descriptive measurements (age, height, weight, peak VO2 ) and 
skin-fold measurements (Harpenden Calipers) were taken during the first laboratory 
session. Body composition was calculated using the age-specific formulas o f Lohman 
(1992). Descriptive data are shown in Table 1.
HR: VO2 Calibration sessions. Randomly ordered multi-stage max tests were 
performed separately on a cycle ergometer and treadmill for the development o f HRzVOz 
and HRrVCOi linear regression equations on different days. All subjects were normally 
hydrated and fasted for 4 hours prior to all testing. All subjects also refrained from 
exercise for the 12 hours prior to testing. The cycle ergometer test included a warm-up of 
10 minutes at 78.4 watts, with three subsequent three-minute stages o f 156.9, 196.1, and 
235.3 watts. Following these three initial stages, the workload was increased (~40 watts) 
every three minutes until the twelfth minute. Thereafter, the workload increased every 
minute by 21.30±0.82 watts until volitional exhaustion. The treadmill test included a 10- 
minute warm-up at a 1% grade and a speed o f 134.1 m/sec (5 mile/hr). The workload was 
then adjusted every three minutes by increasing the speed by 26.8 m/sec (1 mile/hr). At 
the end of the twelfth minute, the speed remained constant and the grade was increased 
3 % each minute until volitional exhaustion.
Minute heart rate values were recorded during all testing using a telemetry heart 
rate monitor (Polar, Port Washington, NY) interfaced with the metabolic system. 
Expired gas samples were analyzed and recorded as 15-second averages during all 
laboratory testing using a metabolic system (modified Parvo Medics system with 
Beckman OM -11 O2  and LB-II CO2 analyzers, Sandy, UT). The metabolic system was
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calibrated for flow and gas concentration both before and after each test and linear drift 
corrections were applied to all data. Simple linear regressions between HRiVOi and 
HR:VC0 2  were calculated using data from specific stages during minutes 1-12 o f each 
laboratory test.
Experimental sessions. Within two weeks o f completing the calibration sessions, 
subjects performed, in random order, a 2 0 -minute ride on an electronically braked 
ergometer (Schwinn Velodyne) and a 20-minute run on a treadmill. A 5-minute 
transition period was implemented while changing modes to allow subjects to change 
shoes. To test the accuracy of the linear regression equations over a range o f exercise 
intensities, the cycle and run phases were each performed at a lower intensity for minutes 
1-10, corresponding to the HR ranges from stages 1-2 o f the calibration test, and a higher 
intensity for minutes 11-20, corresponding to the HR range from stages 3-4 o f the 
calibration test. The same procedure (1% grade and variable speed) was applied to the 
running phase.
Development o f  linear regression equations. Three sets o f HR:VO; and 
HRiVCOs simple linear regression equations were developed for each mode. The low 
intensity equation (LI) used data from minutes 2-5 o f the first two exercise stages. The 
high intensity equation (HI) used data from minutes 7-11 o f the second two exercise test 
stages. An overall equation (OA) utilized the data from minutes 2-11 o f the four stages 
from the initial exercise test. This allowed for the comparison of intensity-specific 
equations (LI and HI) to an overall equation that could be applied to cover a wider range 
o f HR values.
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Using the mode and individual-specific regression equations (OA, LI, HI) for 
HR:V0 2  and HR:VC0 2 , it was possible to estimate minute-by-minute VO; and VCO2 , 
and to calculate an estimated EE (kcals/min). Substrate utilization (gmin"' and pmol kg' 
’ min*' for CHO and fat) was also calculated from VO2  and VCO2 values according to the 
methods o f Frayn (1983).
DATA ANALYSIS
Data are presented as means ± standard deviations. A two-way repeated measures 
ANOVA was used to compare all EE and substrate estimates derived by the three 
different sets o f  equations (OA, LI, HI) and actual values obtained from indirect 
calorimetry. A one-way ANOVA was performed to compare estimated and actual total 
kcals. Specific apriori contrasts were conducted to determine differences between 
estimated and actual values during cycle and run exercises at an alpha level o f p<0.05. In 
addition, two-tailed, paired t-tests were applied to the mean HR data to compare HR’s 
obtained during running vs. cycling of corresponding phases o f the testing (OA, LI, HI). 
For example, HR’s from the LI phase of running were compared to HR’s from the LI 
phase o f  cycling.
Results
DESCRIPTIVE DATA
Descriptive data (age, height, weight, body composition, VO2 peak) are presented in 
Table 1 as means ± standard deviations. Although cycling was the subjects’ primary 
mode o f training, there were no significant differences in the measured values o f peak 
VO2 between cycling and running.
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r e s p i r a t o r y  g a s e s  and HEART RATE
Table 2a-c presents respiratory gas and heart rate data from the three equations developed 
for OA, LI, HI. During the cycle exercise, there were no significant differences between 
estimated and actual values o f VO2 , VCO2 , and RER, regardless o f the application of the 
overall (OA), low (LI), or high (HI) prediction equation. However, during treadmill 
exercise, the OA equation resulted in significant under-estimations o f VO2 by 7.95%, and 
VCO2  by 8.99%. The LI treadmill equation under-estimated VO2 and VCO2 by 8 .6 6 % 
and 10.37%, respectively. The HI treadmill equation under-estimated VO2  and VCO2 by 
7.12% and 7.95%, respectively. There were no significant differences between estimated 
actual RER during the treadmill exercise.
HR data was analyzed by comparing mean values obtained during the 
corresponding periods (OA, LI, HI) of cycling vs. running. Mean HR’s during the 
running phase were significantly higher than mean HR’s obtained during cycling, 
regardless o f which period of testing was examined.
ENERGY EXPENDITURE
Table 3a-c presents estimated and actual rates of energy expenditure obtained during the 
cycle and run phases o f exercise. The cycle exercise resulted in no significant differences 
between estimated actual energy expenditure (kcal/min and kcal/ 2 0  min) regardless of the 
equation utilized (LI, HI, OA). However, during the running exercise EE was 
significantly underestimated by approximately 8.19%, 9.05% and 7.31% with the 
applications o f the OA, LI and HI equations, respectively. In addition, there was a 
significant difference between estimated and actual values o f total energy expenditure for 
the entire exercise trial (40 minutes: cycling + running). Total energy expenditure across
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the entire 40 minutes o f exercise was consistently underestimated by approximately 
5.79%, primarily due to the underestimation during running.
SUBSTRATE UTILIZATION
Table 4a-c presents the values o f calculated substrate utilization during the exercise trials. 
Regardless o f the intensity equation used (LI, HI, OA), the cycle phase produced no 
significant differences between estimated and actual CHO or fat oxidation (g min ' and 
pmolkg"' min"'). In contrast, there was a significant difference between estimated and 
actual CHO oxidation (gmin"' and pm olkg ' min"’) during the run exercise, with CHO 
oxidation consistently underestimated by approximately 13.2% (gmin"') and 29.8% 
(jimol kg"' min"'). There were no significant differences between estimated and actual fat 
oxidation during the run stage, regardless o f the equation used for calculation.
Discussion
The present study investigated the application o f HR monitoring to estimate 
energy expenditure and substrate utilization during a single bout o f exercise that utilized 
two different modes. In addition, low-intensity and high-intensity exercise was 
incorporated into the experimental trials to assess the versatility o f the prediction 
equations over a range o f exercise intensities. Previous research has demonstrated that 
the HRM can accurately estimate EE during short-term exercise when calibration and 
experimental exercises are similar in both mode and intensity level (Tysk et a l, 1998; 
Spurr et a l ,  1988). Using the same mode of exercise is critical because movements that 
incorporate different muscle groups will demonstrate varying HR;V0 2  relationships 
(Vokac et a l ,  1975).
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
73
Although these past studies have demonstrated that the HRM can accurately 
estimate EE during short-term exercise, the applicability and accuracy o f this method 
during successive bouts o f activity has received little attention. In addition, the 
practicality o f applying this method to a training routine in the field is unclear due to 
variations in self-selected intensity and the corresponding heart rates. If the intensity 
during the field exercise is out of the range o f the calibration exercise, significant error 
may result. Researchers have shown that even small variations in HR can lead to 
significant error with the HRM (Christensen et al., 1983; Booyens et a l ,  1960). In the 
present study, the OA equation was applied to incorporate the low- and high-intensity 
phases to examine the possibility of applying this method to an exercise bout of varying 
intensities. The approximate range o f the prediction equations was I13.03±9.97 - 
134.02±8.90 bpm for cycling, and 132.12±9.39 - 150.22±9.33 bpm for running.
ENERGY EXPENDITURE -  Cycling vs. Running
The present investigation demonstrated that estimated EE during cycling was accurately 
predicted but estimated EE was significantly lower than actual EE during the running 
component, regardless o f the equation applied to predict values o f EE (OA, LI, HI). The 
difference during running appears to result from an underestimation o f the VO2 . The 
underestimation o f VO2  also contributes to the significant difference noted in CHO 
oxidation during the run stage of the experimental trial, as this is a component o f the 
formula used to calculate substrate use (Frayn, 1983).
The subjects in this study participated in cycling more regularly than running. In 
addition, none o f these individuals were regularly running or training on a treadmill at the 
time o f data collection. The subjects may have performed at a better economy while on
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
74
the cycle ergometer as opposed to the treadmill. A higher economy may be demonstrated 
by decreased oxygen consumption (VOi/kg) at the same workload (Lajoie et al., 2000). 
Daniels et. al. (1985) stated that training will lead to a lower V0 2 submax at a given 
workload (improved economy). A lower running economy may be the reason for the 
consistently underestimated EE values during running. Since the subjects were only 
instructed to keep their HR within a particular range, as determined by the initial exercise 
test, there was some freedom regarding the exact intensity that they wanted to maintain 
during the experimental phase. Each subject may have chosen to work at an intensity that 
was most economical for him. At a given intensity, then, the HR was lower during the 
experimental phase compared to the HR anticipated from the testing phase used to 
establish the prediction equations. However, for a given HR value, the actual VO2 is 
higher than the predicted  VO2 . The self-selected pace resulted in better economy during 
the experimental phase compared to the initial phase o f testing, where subjects were 
forced to perform at a designated speed.
The subjects were also able to self-select the intensity, including RPM, during the 
cycling portion o f the experimental phase within the range designated by the testing 
phase. Since cycling was the primary mode of training for these individuals, the intensity 
used for the initial test may have been similar to 1 ) the intensity at which they performed 
during the testing phase, and 2 ) their training intensity.
LOW-INTENSITY vs. HIGH-INTENSITY EQUATIONS
In examining the differences between estimated and actual values o f VO2 , VCO2 and EE 
that were associated with the running phase, it is evident that the LI equations yielded 
higher sources o f error than did the HI equations (tables 2-3). The source of this error
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may be due, in part, to variations in HR associated with exercise at lower intensities. The 
increased oxygen delivery during exercise at lower intensities is accomplished by 
increases in both heart rate and stroke volume. As intensity increases, HR takes over as 
the primary mechanism to maintain oxygen delivery to working muscles. As a result, the 
HRiVOa relationship is more linear at intensities above -50%  VOzmax- The variability in 
HR at lower intensities may have contributed to the higher % error with the application o f 
the LI equation. The OA equation resulted in a lower %  error than the LI, and a higher % 
error than the HI equation as a result o f the underestimation o f VO2 during LI exercise. 
The fact that the OA equation was able to provide estimates that were within range of 
estimates from the low- and high-intensity equations strengthens the validity of this 
method. If  the calibration exercises incorporate varying intensities, then the HRM may 
be used to estimate an individual’s EE in a field situation, even if  the bout o f exercise is 
done at varying intensities. However, the amount o f time spent at any given intensity 
may need to be relatively similar to the calibration exercise. Further research is needed in 
this area.
SUMMARY
In summary, the HRM may be a valid and reliable method to estimate EE and 
substrate utilization during successive bouts of exercise, even when utilizing different 
modes. To improve accuracy, individual, mode-specific prediction equations must be 
used, as well as similar ranges of intensity between calibration and experimental exercise 
sessions. The relative time spent exercising at a given intensity should also be consistent 
between calibration and experimental sessions. In addition, an individual’s economy in a 
given activity will influence the accuracy by contributing to, or minimizing, variations in
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HR values. By controlling these variables, this method may provide a valid, reliable 
method o f determining EE during exercise in field situations.
PRACTICAL SIGNIFICANCE
The under-estimations of EE during the running phase equated to approximately 
60 kcal/hr. Although the error during the running phase was statistically significant, the 
difference may not be practically significant when estimating EE during extended 
exercise in the field. Depending on the situation, an over- or under estimation in EE o f 
-6 0  kcals may or may not be significant in terms of energy intake. This would depend on 
the level o f the athlete and the goals of the training regimen.
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Table 1. Subject descriptive data. Data are expressed as mean±SD.
Age 27.45+5.70
Height (cm) 178.46±7.23
Body Weight (kg) 74.53±8.27
FFM (kg) 67.86±8.04
FBM (kg) '4.653:1.84
Body Fat (%) )*. 183:2.18
Cycle Peak VO2 (ml k g ''m in ') 61.82È11.91
(L m in ') 4.61±0.I0
Running Peak VO2 (ml kg'* m in'') (il.l 73:13.3<)
(L m in ') 4.56+0.11
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Table 2. A. Estimated and actual values of VO2 , VCO2  and RER derived from the 
overall equation (minutes 1-20). B. Estimated and actual values o f VO2 , 
VCO2  and RER derived from the low intensity equation (minutes 1-10).
C. Estimated and actual values o f VO2 , VCO2 and RER are based on the 
high-intensity equation (minutes 11-20). Data are expressed as meanlSD.
Cycle Run
Estim ated Actual Estim ated Actual
A
VO2  (L min *) 2.40±0.16 2.4710.22 2.7810.36* 3.0210.03
V CO iCLm in*) 2.10+0.15 2.1610.24 2.4310.29* 2.6710.29
RER 0.87+0.04 0.8710.03 0.8710.03 0.8810.03
M ean H R 123.47±8.68*p 141.0319.23
B
VO2 (L min *) 2.06+0.17 2.1110.28 2.5310.35* 2.7710.34
VCO 2 (L min*) 2.1010.15 2.1610.24 2.1610.29* 2.4110.31
RER 0.8510.04 0.8610.04 0.8610.04 0.8710.03
M ean HR 113.03l9.97*p 132.1219.39
C
VO 2 (L m in*) 2.8010.24 2.8910.24 3.1310.46* 3.3710.41
V C O :(L m in* ) 2.4710.22 2.5610.26 2.7810.44* 3.0210.38
RER 0.8810.04 0.8810.04 0.8910.05 0.8910.03
M ean H R 134.02l8.90*p 150.2219.33
* = significant, within mode, difference between actual and estimated, p<0.05. 
P = significant difference in HR between cycle and run modes, p<0.05.
Reproduced with permission of the copyright owner. Further reproduction prohibited without permission.
79
Table 3. A. Estimated and actual values of energy expenditure derived from the
overall equation (minutes 1-20). B. Estimated and actual values o f energy 
expenditure derived from the low intensity equation (minutes 1-10). C. 
Estimated and actual values of energy expenditure derived from the high 
intensity equation (minutes 11-20). D. (Calculated TEE (kcal 40 min'*) for 
the combined cycle and run experimental stages. Data are expressed as 
mean±SD.
Cycle Run
Estim ated Actual Estim ated Actual
A
EE (kcal min ’) 11.6210.75 11.9511.09 13.4611.69* 14.66+1.59
E E (k ca l2 0 m m * ) 232.37115.04 238.95121.89 269.13133.83* 293.29131.87
B
EE (kcal'm in*) 9.9210.83 10.1911.43 12.1611.67* 13.3711.65
EE (kcal lOmin'*) 99.1518.25 101.91114.25 121.56116.68* 133.73116.46
C
EE (kcalm in^) 13.5811.14 14.0311.20 15.2112.26* 16.41+2.02
EE (kcallO m in*) 135.83+11.36 140.28111.98 151.06122.56* 164.10120.19
D
Estim ated Actual
T E E (kcaM O m m ')
Cycle + Run 501.50+42.12* 532.24141.37
* = significant, within mode, difference between actual and estimated, p<0.05.
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Table 4. A, Estimated and actual values o f substrate utilization derived from the 
overall equation (minutes 1-20). B. Estimated and actual values of 
substrate utilization derived from the low intensity equation (minutes 1 - 
10). C. Estimated and actual values o f substrate utilization derived from 
the high intensity equation (minutes 11-20). Data are expressed as 
mean±SD.
Cycle Run
Estim ated Actual Estim ated Actual
A
CH O  oxidation 
(gm in*)
1.82±0.40 1.9110.46 2.1110.39* 2.4310.39
CH O  oxidation 
({xmolkgmin'*)
137.85133.91 144.54140.42 158.70131.58* 225.91113.42
FAT oxidation 
(gmin**)
0.5110.17 0.5210.12 0.5910.18 0.6010.15
FAT oxidation 
(^im olkgm in *)
8.0012.19 8.0111.60 9.2012.54 9.2312.20
B
CH O  oxidation 
(gm in*)
1.3410.40 1.5210.48 1.7310.44* 2.0910.43
CH O  oxidation 
(pimol kg min *)
101.52131.21 114.51135.66 129.75133.27* 206.35112.04
FAT oxidation 
(g-min**)
0.5210.14 0.4810.10 0.6110.20 0.6010.15
FAT oxidation 
(pmol kg min ')
8.1411.88 7.5011.40 9.4212.63 9.2312.10
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C H O  oxidation 2.24±0.51 2.35+0.54 2.60±0.74* 2.89+0.54
(gm in*)
CH O  oxidation 169.76±41.33 178.42±49.97 194.59+51.44* 251.65+14.63
(̂ moll̂ 'min'̂ )
FA T oxidation 0.56+0.20 0.56+0.16 0.59+0.25 0.60+0.16
(gm in*)
FAT oxidation 8.61+2.49 8.68+2.10 9.07+3.59 9.30+2.27
(jxmoH '̂min**)
* = significant, within mode, difference between actual and estimated, p<0.05.
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